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General Introduction  
and Thesis Outline
Chapter 1 
13
Spinal aging, in terms of osteoporosis, degenerative changes and deformity, will become 
a major challenge to the spinal community regarding evaluation and treatment for the 
coming decades. In this thesis various aspects of spinal aging will be clarified.
EPIDEmIology
For the upcoming decades, it is forecasted that Europe will experience considerable 
growth in its aging population (Figure 1). The old-age dependency ratio (people aged 
65 and above, relative to those aged 15 to 64) in the European Union is projected to 
increase by 21.6 purchasing power standards (pps.), from 29.6% in 2016 to 51.2% in 2070 
[1]. This increase is mainly driven by the very old-age dependency ratio (people aged 80 
and above, relative to those aged 15 to 64) which is projected to rise by 14 pps. (8.3% to 
22.3%) over this horizon. This shift in the age structure of our Western population is 
due to decreasing fertility rates, a decreased number of desired offspring and increasing 
longevity [2]. 
Figure 1. The distribution of the European population over the various age categories for 2018 and 2050. 
The graphs demonstrate a significant increase in Europe’s population above 65 years of age in 2050.
14
Aging is characterized by a progressive loss of physiological integrity and represents 
a decreased capacity for regeneration and repair, leading to impaired function and 
finally leading to death [2]. Examples of aging-associated diseases are atherosclerosis 
and cardiovascular disease, hypertension, cancer, arthritis, cataract, osteoporosis, type 
2 diabetes and Alzheimer’s disease [3]. The incidences of all these diseases increase 
rapidly with aging. Spinal disorders are one of the most common disabling conditions 
in our society, posing significant economic costs to society by utilization of healthcare 
resources and indirect costs by productivity losses [4, 5]. The Global Burden of Disease 
Program studied the worldwide impact of disease on health status and disability [6]. The 
study demonstrated that musculoskeletal conditions such as back pain and arthritis are 
the second greatest cause of disability, affect more than 1.7 billion people worldwide, 
and have a major impact on the overall health of the world population [6]. Of all 291 
conditions studied, the highest disability measured by patient health status preferences 
was due to low back pain [7]. Subsequently, disorders of the spine have a significant and 
measurable impact on health-related quality of life, including pain, function, self-image, 
mental health, work status, and disability [6, 7].
SPInal anatomy anD natural agIng oF thE SPInE
The spinal column provides the main musculoskeletal axis of support for the human 
body, provides mobility at the segmental level and protects the spinal cord from injury 
[8]. There are seven cervical, twelve thoracic, five lumbar, five sacral and three to four 
coccygeal vertebrae. A typical vertebra consists of a vertebral body, which is the major 
weight-bearing component anteriorly, and a vertebral arch. Fibrocartilaginous interver-
tebral discs separate the vertebral bodies of adjacent vertebrae. The vertebral arch is 
firmly anchored to the posterior surface of the vertebral body by two pedicles. The roof 
of the vertebral arch is formed by the laminae. The vertebral arches of the vertebrae 
are aligned to form the lateral and posterior walls of the vertebral canal, which extends 
from the first cervical vertebra to the last sacral vertebra. This bony canal contains and 
protects the spinal cord. The vertebral arch of each vertebra has a spinous process and 
two transverse processes that serve as attachments for muscles and ligaments and sites 
of articulation with adjacent vertebrae. A functional spine unit consists of two adjacent 
vertebrae, the intervertebral disc and adjoining ligaments. It is the smallest physiologi-
cal motion unit of the spine that exhibits biomechanical characteristics similar to those 
of the entire spine. The 31 pairs of spinal nerves are segmental in distribution and 
emerge from the vertebral canal through an intervertebral foramen. Physiologically, in 
the sagittal plane, the spine has a natural S-shaped curvature. The cervical and lumbar 
regions have a slight concave curve (lordosis) and the thoracic and sacral regions have 
a gentle convex curve (kyphosis) with the purpose to maintain mechanical balance in 
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the sagittal and coronal plane [8]. A standing posture with minimal muscular energy 
expenditure is achieved with physiologic curvatures of the spine in the sagittal plane, 
a straight spine in the coronal plane, a balanced tension of the spinal ligaments, and 
activation of intrinsic anterior and posterior musculature [9]. Aging of the spine will lead 
to degenerative alterations starting with subtle biochemical changes, followed by micro-
structural and eventually gross structural changes of the functional spinal unit. Due to 
biomechanical consequences the degenerative cycle will progressively modify the func-
tional anatomy. All elements of the spine such as the intervertebral discs, facet joints, 
vertebral bodies and the supporting muscles and ligaments are affected by this natural 
aging process [8]. Degeneration of the spine already starts during the first decade of life 
with biomechanical changes in the disc followed by macroscopic alterations including 
tears and fissures, which may lead to disc herniation. Secondary to disc degeneration are 
facet joint changes, including subluxation, cartilage alteration and osteophytosis. Facet 
hypertrophy and laxity, disc degeneration and enlargement of the ligamentum flavum 
progressively results in narrowing of the spinal canal as well as in instability such as de 
novo scoliosis or degenerative spondylolisthesis. With advancing age, osteoporosis may 
weaken the vertebral bodies, facilitate bone remodeling and rotatory deformities. All 
combined, aging of the spine can cause rotatory scoliosis, destabilization and rupture of 
equilibrium [8]. It should be noted that whereas nearly all elderly subjects will exhibit 
spinal degeneration, many of them will be asymptomatic [10]. 
Spinal pathology in the elderly characteristically encompasses degenerative pathology, 
including lumbar spondylosis, stenosis, and instability in the form of segmental instabil-
ity or deformity; (insufficiency) fractures due to osteoporosis; and spinal metastases [4]. 
With the aging population, clinicians will be required to manage an increasing number 
of spinal disorders specific to the elderly, which poses us for important challenges in 
treatment because this patient category is associated with multiple medical comorbidi-
ties, decreased mobility, poor balance, poor bone quality and a greater propensity to fall-
ing. When designing and implementing therapeutic strategies, clinicians must consider 
all of these factors to ensure adequate patient support, optimize outcomes and prevent 
catastrophic events.
oStEoPoroSIS anD oStEoPorotIC VErtEbral 
ComPrESSIon FraCturES
Osteoporosis is very common in the aging population affecting millions of people world-
wide, predominantly post-menopausal women [11]. It is characterized by a reduced bone 
mass combined with a disruption of the architecture of the trabecular bone resulting 
in an increased propensity to fractures [12]. Annually, in Europe, osteoporotic fractures 
account for the loss of two million Disability Adjusted Life Years (DALYs), which is more 
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than accounted for by, e.g., rheumatoid arthritis or hypertensive heart disease [11]. The 
pathogenesis of osteoporosis is complex and multifactorial [12]. Many osteoporotic 
patients suffer fractures after minimal trauma, which is pathognomonic of the skeletal 
fragility caused by low bone mass. One of the most common fractures are osteoporotic 
vertebral compression fractures (OVCFs), with an estimated number of 500,000 new frac-
tures occurring every year in Europe [13, 14]. Although OVCFs can be asymptomatic, most 
patients experience substantial pain and suffering, significantly decreasing a patient’s 
mobility and quality of life [14]. After an incident vertebral fracture there is a 20% risk of 
an additional fracture occurring within the next year [15]. When fractured, the vertebra 
is commonly deformed by disproportionate height loss from the anterior vertebral body 
resulting in wedging [16, 17]. Wedge accumulation over multiple thoracolumbar levels 
may lead to subsequent spinal deformity, causing an increased thoracolumbar kyphosis 
and decreased lumbar lordosis (Figure 2) [18]. 
The increased anterior spinal loading in degenerative thoracolumbar hyperkyphosis has 
been associated with a downward spiral of additional vertebral compression fractures, 
also known as the “vertebral fracture cascade” [19]. Thoracolumbar hyperkyphosis may 
negatively impact several aspects of an afflicted individual’s health including physical 
function, pulmonary function, pain and disability, postural control during walking, and 
even mortality (Figure 3) [19, 20]. 
Figure 2. Wedge accumulation over multiple levels leading to thoracolumbar hyperkyphosis.
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Treatment of OVCFs should aim to break the downward spiral of recurrent vertebral 
compression fractures and to prevent the subsequent progression of kyphosis and re-
sultant global sagittal malalignment. Furthermore, it should intend to prevent or slow 
down the decline in postural control, thereby limiting the increased risk of falling in 
these patients. 
DEgEnEratIVE SPInal DEFormIty
Degenerative spinal deformity or adult spinal deformity (ASD) can be defined as an 
abnormality in alignment or curvature of one or more portions of the spine [21]. Such 
deformities can involve any combination of abnormal alignment in the axial, coronal 
and sagittal plane [22, 23]. Degenerative spinal deformity afflicts a significant portion of 
the elderly, and is increasing in prevalence [24]. It comprises a wide range of conditions 
that result in abnormal spinal alignment and may result in pain, disability, neurological 
impairment, and/or loss of function. In middle-aged and older adults, the most prevalent 
deformities are de novo degenerative lumbar scoliosis (DLS), the aforementioned tho-
racolumbar hyperkyphosis, and to a lesser extent iatrogenic deformities. The etiology 
is complex, multifactorial, and is associated with progressive and asymmetric degen-
eration of the lumbar discs, facet joints, and other structural spinal elements typically 
leading to rotational deformity and possibly neural element compression [22]. The most 
frequent symptom in patients suffering from degenerative spinal deformity is axial 
back pain, which may be accompanied by radicular leg pain or neurogenic claudication 
symptoms. Other symptoms include stiffness, muscular fatigue, neurological deficits in 
the lower extremities, and occasionally cauda equine syndrome [25]. Degenerative spinal 
Figure 3. The downward spiral after an osteoporotic vertebral compression fracture [19]. 
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deformity adversely affects health-related quality of life and has become a considerable 
healthcare concern [26, 27]. 
Central to the current understanding of degenerative spinal deformity and its man-
agement is the concept of global spinal alignment. The load distribution on the spine 
depends more on its shape and curvature in the sagittal plane than in the coronal plane 
[28]. Global spinal alignment serves to maintain an upright posture and horizontal 
gaze while minimizing muscle energy expenditure and is dependent on the interaction 
between regional spinal and pelvic alignment [21]. In order to achieve an ergonomic 
standing posture the centre of mass (CoM) should be positioned over the feet (base of 
support, BoS). In the normal population, there is no standard sagittal balance because it 
is driven by pelvic morphology and varies with age and gender [29]. In a healthy spine 
the center of rotation is positioned 
within the vertebral bodies. In this case, a relaxed upright posture only costs 7% more 
energy than supine relaxing. However, only small postural changes can already change 
the load distribution of the spine (Figure 4).
As a consequence, the degenerative changes in degenerative spinal deformity have 
the potential to greatly disrupt the normal curvature of the spine, leading to sagittal 
malalignment with resulting higher loading forces and energy expenditure (Figure 4 
and 5) [30]. 
Figure 4. The effect of small postural changes on spinal loading [30]. 
Reproduced with permission of dr. V. Lafage, Hospital for Special Surgery, New York City.
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As a response to positive sagittal (mal)alignment, the body progressively recruits com-
pensatory mechanisms to counteract the anterior truncal shift (Figure 6) [30]. A chain of 
compensation is initiated from the flexible parts of the spine, and extends to the hips, 
lower extremities, and cervical spine to preserve an erect posture and horizontal gaze. 
The two most important mechanisms to compensate for this are the pelvic retroversion 
(in order to maintain a vertical trunk) and the pelvic shift (in order to translate the 
centre of mass posteriorly again) (Figure 6). Compensation mechanisms vary among pa-
Figure 5. A. Normal sagittal alignment in which the gravity line is positioned between the feet. B. 
Sagittal malalignment in which the gravity line is positioned anteriorly to the feet. 
Reproduced with permission of dr. V. Lafage, Hospital for Special Surgery, New York City.
Figure 6. A. Sagittal malalignment without compensation mechanisms. B. Pelvic retroversion in 
order to maintain the trunk vertical. C. Pelvic shift in order to translate the CoM posteriorly. 
Reproduced with permission of dr. V. Lafage, Hospital for Special Surgery, New York City.
20
tients depending on their ability to compensate (based on flexibility, condition etcetera). 
Younger patients tend to mainly flatten their thoracic spine as an early response whereas 
older patients prefer the pelvic lower limb mechanics. Females tend to extend the hips 
and increase their pelvic tilt whereas men demonstrate a higher degree of knee flexion 
independent from the pelvic tilt. The interaction between deformity and compensatory 
mechanisms depicts the final presentation of patients with degenerative spinal defor-
mity [31].
FallS In thE ElDErly
The prevalence of falls among elderly people is high: at least 30-40% of patients aged over 
65 experience one or more fall accidents annually [32]. There are many distinct causes 
for falls in the elderly, such as balance and gait disorders, poor vision, polypharmacy 
and environmental factors. Balance is a multidimensional concept, referring to the 
ability of a person not to fall [33]. The ability to maintain, achieve or restore a state of 
balance during any posture or activity is called “postural control”. Postural control can 
be defined as the maintenance of the body centre of mass (CoM) over its base of support 
(BoS) (or more generally, within the limits of stability) [34]. Adequate postural control 
is essential for daily activities, and requires integration of visual, proprioceptive and 
vestibular information [35]. It has been shown that spinal imbalance, especially global 
sagittal malalignment, causes impaired postural control, slower gait and a wider base 
of support with stance and gait [17, 36, 37]. Impaired postural control during walking 
is a major risk factor for falls [36, 37]. Falls among the elderly who are frail and have 
osteoporosis cause a tremendous amount of morbidity, mortality and use of healthcare 
services including premature nursing home admissions [11, 38]. 
thESIS outlInE
This thesis on spinal aging consists of two major parts. The first part (Chapter 2-5) 
focuses on osteoporotic vertebral compression fractures (OVCFs) and its consequences; 
the second part (Chapter 6 and 7) focuses on degenerative spinal deformity. The follow-
ing questions were postulated:
1.  Are spatiotemporal gait parameters affected in patients with an OVCF as 
compared to healthy controls?
As mentioned previously, one factor related to disability in people with spinal deformity 
is decreased postural control and increased risk of falling [36, 37]. However, in literature, 
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little is known about the effect of vertebral fractures on gait and stability. Walking char-
acteristics of elderly with and without vertebral fractures have not yet been evaluated 
[36]. Therefore, the impact of OVCFs on gait stability was examined in Chapter 2 and 
compared to gait stability in healthy participants. Furthermore, this prospective cohort 
study aimed to examine the spatiotemporal gait parameters in patients suffering an 
OVCF over six months following the fracture. It was hypothesized that the gait pattern 
would be more variable in people with an osteoporotic vertebral fracture and that stabil-
ity would be reduced compared with healthy participants. Regarding the longitudinal 
data it was hypothesized that the gait pattern and stability would return to normal over 
time. 
2.  What is the effect of a thoracolumbar dynamic orthosis on gait in patients 
suffering from an OVCF?
Primarily, treatment of OVCFs should intend to relief pain, slow down the decline in 
postural control and limit the risk of falls and further fractures in this frail patient 
group. A second important goal in the treatment of OVCFs is the prevention of the 
subsequent progression to hyperkyphosis and global sagittal malalignment. Current 
conservative treatment of symptomatic OVCFs is multimodal and comprises analgesics, 
medication for osteoporosis and physical therapy. However, although widely used in 
current daily practice, little is known about the value of orthoses in the treatment of 
osteoporotic vertebral compression fractures. In Chapter 3 the potential role of wearing 
a semirigid thoracolumbar orthosis in the conservative treatment of OVCFs is evaluated 
in an observational study. The primary purpose of this study was to examine the direct 
effect of a thoracolumbar dynamic brace on gait in patients suffering from an OVCF. The 
secondary purpose was to evaluate changes in gait, radiographic sagittal alignment, pain 
and quality of life over time.
3.  What are the effects on doughing time, injection time, cytocompatibility and 
mechanical properties of incorporating gold particles in polymethylmethac-
rylate (PMMA) microspheres as radiopacifier instead of barium sulphate in 
cement for vertebroplasty?
With natural healing of the acute fracture, the initial pain caused by the fracture sub-
sides in a majority of patients, usually within a couple of weeks [39]. However, up to one 
third of patients experience insufficient response and/or intolerance to conservative 
treatment of OVCFs [40]. In those cases interventional treatment may be considered. 
Percutaneous vertebroplasty is a minimally invasive procedure in which bone cement 
is carefully injected into a painful osteoporotic fractured vertebra under continuous 
fluoroscopic guidance. The bone cement hardens in situ, providing increased strength 
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and stabilization. Most importantly, pain is substantially relieved which, results in a 
significant improvement of quality of life in the elderly population. For radiopacity, 
barium sulphate (BaSO4) is added to the PMMA bone cement. However, there are a num-
ber of drawbacks of incorporating large concentrations of BaSO4 as the radiopacifier 
in PMMA-based bone cements for percutaneous vertebroplasty. These include adverse 
effects on injectability, viscosity profile, setting time, mechanical properties of the ce-
ment and bone resorption. In Chapter 4, a novel cement, designed to address some of 
these drawbacks, is studied. 
4.  Does rod stiffness have an effect on intraspinal loading forces after posterior 
pedicle screw fixation?
As stated before, ultimately, treatment of OVCF should aim to breakdown the vicious cycle 
known as the “vertebral fracture cascade” (Figure 3). Loss of sagittal alignment and balance 
in adult spinal deformity can cause severe pain, disability and progressive neurological 
deficit. When conservative treatment has failed, spinal fusion using rigid instrumentation is 
currently the salvage treatment to stop further curve progression in thoracolumbar hyper-
kyphosis. However, fusion surgery is associated with high revision rates due to instrumenta-
tion failure and proximal junctional failure, especially if patients suffering from osteoporo-
sis. To address these drawbacks, in Chapter 5 a less rigid rod construct is proposed, which is 
hypothesized to provide a more gradual transition of force and load distribution over spinal 
segments in comparison to stiff titanium rods. In this pilot study, the effect of variation in 
rod stiffness on the intradiscal pressure (IDP), indicative of intraspinal loading forces, of 
fixed and non-fixed spinal segments during flexion-compression loading was assessed.
Chapter 6 and Chapter 7 elaborate on how to guide decision-making for well-defined 
populations of patients suffering from degenerative spinal deformity using algorithms 
based on a combination of the best available evidence and multidisciplinary expert 
opinion. 
5.  To what extent is the patient perspective incorporated into the appropriate-
ness criteria of surgery for degenerative lumbar scoliosis?
Degenerative lumbar scoliosis (DLS) is an increasingly common spinal disorder of which 
current management is characterized by a substantial variety in treatment advice [25]. To 
improve evidence-based clinical decision-making and increase uniformity and transpar-
ency of care, the Scoliosis Research Society (SRS) established appropriateness criteria for 
surgery for DLS [25]. In these criteria, however, the patient perspective was not formally 
incorporated. Since patient perspective is an increasingly important consideration in 
informed decision-making, embedding Patient Reported Outcome Measures (PROMs) in 
the appropriateness criteria would allow for a more objective and transparent patient-
Chapter 1 
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centered approach. In Chapter 6, the extent that patient perspective is integrated into 
the appropriateness criteria of surgery for DLS is evaluated in a retrospective cohort 
study.
6.  What classification system is the most appropriate for the prediction of me-
chanical failure after adult spinal deformity surgery?
Surgery for degenerative spinal deformity is a challenging and complex procedure with 
high reported complication (8.4-42%) and revision rates (9-17.6%) [31, 41, 42]. Failure to 
achieve or maintain adequate postoperative sagittal alignment has been reported to be 
the main cause of mechanical complications. In order to define appropriate surgical 
targets the Scoliosis Research Society (SRS)-Schwab classification and the Global Align-
ment and Proportion (GAP) score were established [28]. In literature, no study has yet 
compared these classification systems with respect to the risk of developing mechanical 
complications. In Chapter 7, the ability of the Schwab classification and the GAP score 
to predict mechanical complications following adult spinal deformity surgery is assessed 
and compared in a retrospective cohort study.
Finally, Chapter 8 comprises a discussion of the main findings of the previous chapters, 
addresses the main limitations of the studies, provides final conclusions and recom-
mendations, and includes opportunities for future research.
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abStraCt
Background – One factor related to disability in people with spinal deformity is de-
creased postural control and increased risk of falling. However, little is known about 
the effect of osteoporotic vertebral compression fractures (OVCFs) and their recovery 
on gait and stability. Walking characteristics of older adults with and without vertebral 
fractures have not yet been compared. 
Aims – The purpose of the current study was to examine the spatiotemporal gait pa-
rameters and their variability in patients with an OVCF and healthy participants during 
treadmill walking at baseline and after six months of recovery.
Methods – Twelve female patients suffering a symptomatic OVCF were compared to 
eleven matched controls. Gait analysis was performed with a dual belt instrumented 
treadmill with a 180 degrees projection screen providing a virtual environment (Com-
puter Assisted Rehabilitation Environment). Results of patients with an OVCF and 
healthy participants were compared. Furthermore, spatiotemporal gait parameters were 
assessed over six months following the fracture.
Results – Patients suffering from an OVCF appeared to walk with significantly shorter, 
faster and wider strides as compared to their healthy counterparts. Although stride 
time and length improved over time, the majority of the parameters analyzed remained 
unchanged after six months of conservative treatment.
Discussion – Since patients do not fully recover to their previous level of mobility after 
six months of conservative treatment for OVCF, it appears of high clinical importance 
to add balance and gait training to the treatment algorithm of OVCFs.
Conclusions – Patients suffering from an OVCF walk with shorter, faster and wider strides 
as compared to their healthy counterparts and adopt a less stable body configuration 
in the anterior direction, potentially increasing their risk of forward falls if perturbed. 
Although stride time and stride length improve over time even reaching healthy levels 
again, patients significantly deviate from normal gait patterns (e.g. in stability and step 
width) after six months of conservative treatment.
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1. IntroDuCtIon
One of the most common fractures among older adults are osteoporotic vertebral com-
pression fractures (OVCFs), with an estimated 500,000 new fractures occurring every 
year in Europe [1, 2]. After an OVCF there is disproportionate height loss from the ante-
rior vertebral body resulting in a wedge shaped vertebra [3]. The presence of an OVCF 
is a strong predictor for subsequent vertebral fractures [4]. Wedge accumulation over 
multiple thoracolumbar levels may lead to thoracolumbar hyperkyphosis. Subsequent 
sagittal malalignment with inability to stand upright is the strongest driver of pain 
and disability in older adults suffering from spinal deformity [5, 6]. In the majority of 
the patients the initial pain caused by the fracture usually subsides within a couple of 
weeks, with healing of the fracture [2]. However, up to one third of patients experience 
incapacitating pain for months to years due to insufficient response to treatment [2, 7]. 
One factor related to disability in people with spinal deformity such as thoracolumbar 
hyperkyphosis is decreased postural control and an increased risk of falling [8, 9]. Falls 
among older adults, especially those with osteoporosis, are associated with high morbid-
ity, even mortality and involve high-costs for society [8-10]. De Groot et al. [8] described 
that patients with an OVCF and thoracolumbar hyperkyphosis demonstrate impaired 
postural control. This may be due to the fact that in thoracolumbar hyperkyphosis, there 
is an increased forward bending moment due to the forward curvature of the trunk, 
which shifts the body’s centre of mass forward relative to the centre of rotation, i.e. 
the spine. In this situation, it may be more difficult to keep the centre of mass within 
the base of support (a requirement for stability in static situations) [11]. However, as the 
majority of falls in older adults occurs during walking, stability control specifically while 
walking should be considered. It is important to note that stability control during static 
tasks show little relationship with more dynamic and reactive tasks [12-14]. In dynamic 
situations such as walking, the velocity of the centre of mass must be accounted for when 
assessing stability [11, 15]. For this purpose, Hof et al. [11] proposed the extrapolated centre 
of mass concept, in which the position and velocity of the centre of mass are taken into 
account when determining the stability of the body position. As people with thoracolum-
bar hyperkyphosis already have a more anterior centre of mass, stability in the anterior 
direction during walking may be reduced, perhaps increasing the difficulty in coping 
with forward losses of balance (e.g. trips) [8, 9]. Gait variability is another quantifiable 
feature of walking that is altered in clinically relevant syndromes or symptoms, such as 
falling, frailty and neuro-degenerative diseases. In literature it has been demonstrated 
that increased gait variability is associated with an increased risk of falling [16]. However, 
there is little information available on the effect of OVCF on gait stability and variability.
The current study aimed to examine the spatiotemporal gait parameters and their 
variability in patients with an OVCF and healthy participants during treadmill walking. 
Furthermore, this study aimed to monitor recovery of spatiotemporal gait parameters 
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and variability in patients suffering an OVCF over six months following the fracture. It 
was hypothesized that gait would be more variable in people with an osteoporotic ver-
tebral fracture and that stability in the anterior direction would be reduced compared 
with healthy participants. Regarding the longitudinal data, is was hypothesized that gait 
would improve over time in terms of variability and stability. 
2. matErIalS anD mEthoDS
2.1 Participants
Twelve female patients [mean age 68 (55-78) yrs, mean height 1.61 m (1.51-1.73 m), weight 
67.34 kg (49-88 kg)] with a symptomatic OVCF who presented at the emergency depart-
ment of the Maastricht University Medical Centre gave written informed consent to 
participate in this study. Participants were included if they were female, aged 55 years or 
older and were fully ambulatory (able to perform a 15 m walk test without assistance). 
Patients were excluded if the vertebral fracture was unstable and required surgery, if 
they had neurological deficits, active/recent cancer, a psychiatric diagnosis, a history 
of neurogenic or myopathic disorders impairing sensory or motor function or medica-
tion that could affect balance or walking. The study was explained before obtaining 
informed consent and conducted in accordance with the Declaration of Helsinki and 
was approved by the Maastricht University Medical Centre medical ethics committee 
(NL52978.057.15). Patients were treated with an orthosis (Osteolind® plus, Werkmeister, 
Wanfried, Germany) which they wore all day for the first six weeks. From six weeks to 
six months wearing the orthosis was optional. Data was collected at baseline, after six 
weeks and after six months. 
A gender, age, height and weight matched control group was selected from the data-
base of a previous study in the Maastricht University Medical Centre (NL58205.068.16) 
with eleven healthy older female adults [71 years (66-78 yrs), 1.64 m height (1.58-1.70 m) 
and 68.5 kg (62-81 kg) weight]. The participants had no self-reported history of walking 
difficulties, dizziness or balance problems, could walk for at least 30 minutes without 
assistance, without stopping and had no known neuromuscular condition, injury or 
medication that could affect balance or walking. Unpaired t-tests confirmed that the 
groups were not significantly different in age, height or weight. Additionally, equivalence 
tests with 90% confidence intervals revealed that the group differences were statistically 
equivalent and not meaningfully different.
2.2 Equipment
The measurements were conducted with the Computer Assisted Rehabilitation Environ-
ment Extended (CAREN; Motekforce Link, Amsterdam, The Netherlands), including a 
dual-belt instrumented treadmill (force plates: 1000Hz), a 12 camera Vicon Nexus motion 
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capture system (100Hz; Vicon Motion Systems, Oxford, UK) and a virtual environment that 
provided optic flow. Participants wore a safety harness connected to an overhead frame. 
Ten retroreflective markers were attached to anatomical landmarks (one acromion marker 
on each side, four pelvic markers, one marker each lateral distal femur condyle and one 
marker on each lateral malleolus) and were tracked by the motion capture system. The 
marker trajectories were filtered using a low pass second order Butterworth filter (zero-
phase) with a cut-off frequency of 12Hz. Foot touchdown and toe-off were determined using 
the treadmill force plates (50N threshold) in combination with a marker-based method [17].
2.3 measurement Procedure 
Participants first completed treadmill walking familiarization trials (consisting of 90 
seconds walking at 1 m/s followed by 90 seconds walking at self-paced speed) after 
which they continued walking for three minutes at a self-paced mode followed by three 
minutes at a set speed of 1.0 m/s. For each of the three minutes, the first 90 seconds was 
unperturbed walking and the following 90 seconds included five mediolateral platform-
shift perturbations. The perturbations were part of another study and are not further 
discussed here. The final 60 strides of the 1-m/s walking trial were taken for further 
analysis, as well as the average walking speed during the unperturbed 90 seconds self-
paced measurement as a functional outcome. In the OVCF group, the change in pain 
level was assessed using an 11-point Visual Analog Scale (VAS) where level 10 implies 
extreme pain and level 0 no pain at all.
2.4 healthy Control Data
Gait data from a walking trial at 1.0 m/s was taken for analysis. It is important to note 
that a slightly different reduced kinematic model was used for these subjects. For these 
participants, six markers were attached to each hallux, each trochanter major, the 
sacrum and the C7 vertebra. In order to determine the likely absolute differences of the 
two marker sets, we conducted a small pilot study with six participants wearing both 
marker sets. The protocol for these healthy pilot participants, and the details on the 
marker set comparability pilot study can be found in the supplement. The results section 
of the current study describes both the absolute data and the results accounting for the 
absolute differences found between the marker sets.
2.5 Spatiotemporal gait and Variability Parameters
The gait parameters considered were stride time, stride length, step width and double 
support time. The mean value for each participant was calculated from all recorded steps. 
Additionally, the coefficient of variation (CV) was calculated for all gait parameters in 
order to evaluate gait variability. The margins of stability (MoS) was calculated in both the 
anteroposterior (AP) and mediolateral (ML) directions at foot touchdown as the AP or ML 
distance between the boundary of the base of support (BoS; the ankle marker) and the 
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extrapolated centre of mass (XCoM), as defined by Hof et al. [11]. For the estimation of the 
centre of mass position and velocity, the average positions of the four pelvis markers were 
used. For the MoS the averages, medians and standard deviations were used for analysis.
2.6 Statistics
Independent t-tests were used to determine if differences existed between healthy con-
trol participants and patients with OVCF in all outcome parameters. To detect potential 
changes in the gait parameters in the patients over time, one way repeated measures 
ANOVAs with Tukey post hoc tests for multiple comparisons were conducted. Statisti-
cal analyses were conducted with GraphPad Prism version 7.03 for Windows (GraphPad 
Software Inc., La Jolla, California, USA). Significance was set at α=0.05.
3. rESultS
3.1 baseline
The results for the spatiotemporal gait parameters at baseline (stride time, stride length, 
step width, double support time) of the OVCF group and the healthy controls are pre-
sented in Table 1. The independent t-tests revealed a significantly shorter stride time, a 
significantly shorter stride length and a significantly greater step width for the OVCF 
group compared to the healthy participants, with no significant difference in double 
support time (Table 1). Additionally, the independent t-tests revealed significantly lower 
AP MoS and significantly higher ML MoS for the OVCF group compared to controls 
(Table 1). All of the above differences exceeded any bias due to the difference in marker 
sets (Table 1; Supplementary Information). However, it is important to highlight that 
when accounting for the difference in the marker sets, the AP MoS is estimated to be on 
average 6 cm greater for the OVCF group (i.e. more stable anteriorly). 
No significant differences in the coefficients of variation for the four spatiotemporal 
gait parameters were found between the groups (Table 2). 
Table 1. Spatiotemporal characteristics and margins of stability during walking at 1m/s.
Stride 
time (s)
Stride
length (m)
Step
width (m)
Double 
support
time (s) MoS AP (m) MoS ML (m)
OVCF 1.09±0.05 1.10±0.05 0.22±0.03 0.13±0.02 -0.100±0.034 0.048±0.011
Control 1.17±0.08 1.17±0.08 0.14±0.03 0.14±0.02 0.105±0.032 0.001±0.009
P-value 0.013 0.024 <0.0001 0.256 <0.0001 <0.0001
Exceeds bias of  
marker set difference?
Yes Yes Yes N/A Yes* Yes
*This difference is higher than the upper confidence limit of the Bland Altman plot, indicating that 
the OVCF group had a larger MoS AP value by on average 6 cm if the same marker set would have 
been used.
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Table 2. Variability in the spatiotemporal characteristics and margins of stability during walking 
at 1m/s.
Stride time 
(CV)
Stride length 
(CV)
Step width 
(CV)
Double 
support 
time 
(CV) MoS AP (SD) MoS ML (SD)
OVCF 2.09±0.69 3.49±2.47 11.87±8.04 9.39±3.22 0.019±0.007 0.014±0.004
Control 1.93±0.62 2.90±1.20 16.48±5.48 10.49±2.34 0.022±0.007 0.013±0.003
P-value 0.556 0.480 0.126 0.361 0.331 0.754
3.2 longitudinal Data
The repeated measures ANOVAs revealed significant effects of time on stride time (F[1.2, 
14]=6.4, p=0.0191; Figure 1) and stride length (F[1.2, 13]=4.4, p=0.0495; Figure 1) and non-
significant effects of time on step width (F[1.9, 21]=2.4, p=0.1178; Figure 1), double support 
time (F[1.6, 17]=1.7, p=0.2182; Figure 1), AP MoS (F[1.3, 14]=2.5, p=0.1269; Figure 2) and ML 
MoS (F[1.5, 16]=2.7, p=0.1075; Figure 2). For the significant effects, post hoc Tukey multiple 
comparisons tests revealed a significant difference between stride time (Figure 1) at T0 
vs. T2 (p=0.0315) but no significant difference between T0 and T1 (p=0.1045) or T1 and T2 
(p=0.4305). For stride length, no significant post hoc Tukey tests were found (p=0.2779, 
p=0.0751 and p=0.0961 for T0 vs. T1, T0 vs. T2 and T1 vs. T2, respectively; Figure 1). 
No significant effects of time were found for variability in stride time (F[1.6, 18]=0.75, 
p=0.4573), stride length (F[1.2, 13]=0.79, p=0.4136), step width (F[1.5, 17]=3.3, p=0.0742), 
double support time (F[1.8, 20]=1.1, p=0.3606) (Figure 1), AP MoS (F[1.8, 20]=0.14, p=0.8522) 
or ML MoS (F[1.3, 15]=0.8, p=0.4206) (Figure 2). As two parameters showed significant 
improvements over time, the T2 values of stride time and length were statistically 
compared to the healthy control data using independent t-tests, which revealed no 
significant differences for stride time (p=0.397) and stride length (p=0.550). 
Regarding the mean self-selected walking speed from the 90 seconds period, there was 
a statistically significant effect of time on walking speed (F[1.6, 18]=8.1, p=0.0046; medians 
of 1.095m/s, 1.250m/s and 1.260m/s for T0, T1 and T2, respectively; Figure 3), with post hoc 
Tukey tests revealing significantly faster walking speeds at T2 (p=0.018) and T1 (p=0.041) 
compared to T0, but not between T1 and T2 (p=0.409). Compared to baseline, patients 
showed significantly decreased VAS-pain scores six weeks and six months after fracture 
indicating less pain (VAS pain 5.17 + 1.64, 1.83 + 1.47 and 1.83 + 1.53 respectively; p<0.05). 
Remarkably, four patients with disabling pain after six months of recovery showed 
no or little improvement in gait and stability over time, indicating that pain plays an 
important role in the recovery of gait after suffering an OVCF.
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Figure 1. Stride time, stride length, step width and double support time in patients with an OVCF 
at baseline (T0), after six weeks (T1) and after six months (T2). 
Repeated measurements ANOVA demonstrated a significant improvement over time for stride time 
and length. There was no significant improvement in step width and double support time over time. 
Data presented for each patient, horizontal bar represents median with 95% confidence intervals.
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Figure 2. Margins of stability in the anteroposterior and mediolateral direction in patients with an 
OVCF at baseline (T0), after six weeks (T1) and after six months (T2).
Repeated measurements ANOVA demonstrated no significant differences over time. Data presented 
for each patient, horizontal bar represents median with 95% confidence intervals.
Figure 3. Self-selected walking speed in patients with an OVCF at baseline (T0), after six weeks (T1) 
and after six months (T2).
There was a significant improvement over time. Data presented for each patient, horizontal bar 
represents median with 95% confidence intervals.
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4. DISCuSSIon
The current study primarily aimed to determine differences in spatiotemporal gait pa-
rameters and their variability between patients with an OVCF and healthy age-, gender-, 
height- and weight-matched participants during treadmill walking. The second aim was 
to assess whether those parameters and their variability changed over six months fol-
lowing the fracture. In contrast to our first hypothesis, the patients suffering an OVCF 
did not demonstrate more variable gait compared to the healthy controls. However, 
patients with an OVCF did walk with shorter, faster and wider strides at the given speed 
of 1 m/s compared to the healthy controls. These differences in stride length and time 
were no longer present six months after the fracture, indicating a return to a “healthy” 
stride time and length. Walking speed also improved after six months of conservative 
treatment. However, step width and both AP and ML margins of stability did not recover 
over time.
This is the first study in literature to elucidate the spatiotemporal gait characteristics 
and their variability of older adults suffering an OVCF. Hence comparison with previous 
studies is limited. In the context of this investigation, patients suffering an OVCF dem-
onstrated shorter, faster and wider strides than healthy age matched controls. These dif-
ferences are also reported between young and older healthy adults, which may represent 
limitations in the ability to produce equivalent step lengths due to differences in muscle 
strength or physical capacity [18]. However, in the case of the current study, it might 
be speculated that the difference found in spatiotemporal gait parameters at baseline 
between the OVCF group and healthy controls might be due to pain. The differences in 
stride time and length at T0 and the lack of differences at T2 coincide with the healing of 
the fracture and with a significant decrease in pain of the patients. Given that those four 
patients who still had disabling pain at six months, also showed a lack of improvement 
in the gait parameters, suggests that an association exists between pain and (recovery of) 
gait after suffering an OVCF. Venmans et al. [19] found that 60% of conservatively treated 
patients with acute OVCFs had sufficient pain relief and good functional recovery within 
approximately three months after the acute fracture. However, 40% of patients still had 
disabling pain after one year [19, 20]. Especially these patients should be screened for 
a history of falls or balance impairment and should follow appropriate (preventative) 
balance or gait training.
In a study by Hausdorff [16], stride time CV appeared to be a useful parameter to assess 
the risk of falling in elderly. In the current study, no significant difference in stride time 
CV was found between the OVCF group and healthy controls. This is in accordance with 
the study of de Groot et al. [8], in which only patients with a flexed posture demonstrated 
a greater variability in stride time in comparison to patients with a normal posture 
whereas there were no differences between the groups in the presence of vertebral 
fractures. However, although there was no significant difference in stride time CV, in the 
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current study vertebral fractures did seem to lead to alterations in AP and ML MoS, both 
with relatively greater stability than the control participants (when accounting for the 
marker set differences). The increased ML MoS corresponds with the significantly wider 
steps observed in the OVCF group. A wide base of support during gait is typically indica-
tive of poor or cautious dynamic balance control [21]. However, the shorter stride length 
but slightly increased AP MoS (when accounting for marker set differences) implies that 
it was not the change in base of support that affected the MoS (as the value would then 
be smaller in the patients), but rather that the centre of mass position and/or accelera-
tions that were less anterior in the OVCF group. This may represent a compensation for 
pain or discomfort to reduce fluctuations in the upper body. The likelihood that the AP 
MoS difference is mainly due to the centre of mass characteristics is supported by the 
longitudinal data, as despite an increased stride length over time (and therefore a larger 
base of support) these changes are not reflected in the AP MoS. 
Gait is an important indicator of health and can be influenced by many variables [16, 
22-24]. Older adults with chronic low back pain exhibit significantly different gait pat-
terns compared to age- and sex-matched adults without chronic low back pain [25]. In 
the current study it was demonstrated that only two of all measured gait parameters 
improved and returned to “healthy” levels after six months of conservative treatment 
(self-selected gait speed and stride time at 1 m/s). Most parameters, including step width, 
double support time and MoS, remained unchanged (Figure 1). These parameters are 
closely related to gait stability. Therefore, it appears that overall, the capacity of the 
patients’ gait in terms of stride length and speed improved over time, but deficits in sta-
bility did not. This may imply that the OVCF population are at a greater risk for incident 
disability, such as falling, than their healthy counterparts even six months after conser-
vative treatment [24]. These findings suggest that an OVCF can be the serious beginning 
of a downward cascade which should be taken into account in the multimodal treatment 
of vertebral fractures and osteoporosis.
An important limitation of this study is the small number of subjects that were in-
cluded, which may have affected the power of the study. However, as patients suffering 
an OVCF are often unable to participate due to incapacitating pain and inability to walk 
independently, together with the fact that these patients are typically characterized by 
a combination of physiological, psychological and social problems, gait and stability 
studies on this specific condition will always be faced with this challenge. However, the 
individual data points and the changes over time do appear to confirm the statistical 
outcomes and so we believe that this may not have affected the overall conclusions of 
the study. A second limitation is the lack of consistent marker sets in the patient and 
control groups. However, the pilot study with 360 data points in the Bland-Altman plots 
addressed this limitation providing sufficient data to estimate the absolute difference 
in the marker sets. Furthermore, the longitudinal analysis has not been affected by this 
limitation as the patients were measured every time with the same marker set.
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In conclusion, the results of the current study indicated that patients suffering from 
an OVCF walk with shorter, faster and wider strides as compared to their healthy coun-
terparts and adopt a less stable body configuration in the anterior direction, potentially 
increasing their risk of forward falls if perturbed. Although stride time and stride length 
improve over time even reaching healthy levels again, patients significantly deviate 
from normal gait patterns (e.g. in stability and step width) after six months of conserva-
tive treatment.
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SuPPlEmEntary InFormatIon
marker Set Comparison Pilot 
Rationale
In order to determine the differences between groups in the main study that could 
simply be due to absolute differences in the two different reduced marker sets, this pilot 
study conducted measurements of participants walking while wearing both marker sets. 
In this way, we could estimate the absolute difference in the parameters of interest due 
to the marker sets and determine if the differences found in the main study exceeded 
these.
Methods
Six healthy young adults (age [mean±SD]: 23.3±3.7 years; height: 175.6±6.4 cm; weight: 
66.5±9.1kg) participated in the pilot measurements. These measurements were registered 
with the medical ethics committee of Maastricht University (number: 2018-0568; METC 
azM/UM), written informed consent was obtained from participants and the measure-
ments were conducted in accordance with the Declaration of Helsinki.
Sixteen retroreflective markers were attached to anatomical landmarks of the partici-
pants comprising both marker sets used in the main study (see main text for details). 
Participants walked for three minutes at 1 m/s on the Computer Assisted Rehabilitation 
Environment Extended (CAREN; Motekforce Link, Amsterdam, The Netherlands), as in 
the main study. In post-processing, copies of the motion capture data were made and 
marker coordinates were removed for each of the marker sets respectively so that one 
file contained only the six marker set and the other contained only the ten marker set 
for the same motion capture recording. Following this, the final 60 strides from each 
recording were analyzed for the gait parameters stride time, stride length and double 
support time, with the final 60 steps analyzed for step width. Additionally, the margins 
of stability (MoS) were calculated in both the anteroposterior (AP) and mediolateral (ML) 
directions at foot touchdown for the final 60 steps as the AP or ML distance between the 
boundary of the base of support (BoS; the hallux marker) and the extrapolated centre of 
mass (XCoM), as defined by Hof et al. (2005), adapted for the reduced kinematic model 
based on Süptitz et al. (2013), whereby the position of the centre of mass was the average 
of the trochantor makers and the velocity of the centre of mass was estimated as:
0.5 ( VTrol + VTrol
2
 + Vc7)
where VTrol , VTroR  and Vc7 are the anteroposterior or mediolateral velocities of the trochanter and C7 
markers respectively. For the AP direction, the velocity of the treadmill belt was added.
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Results 
Supplementary Figure 1. Bland-Altman plots of the spatiotemporal parameters stride time, stride 
length, step width and double support time from 60 strides (or steps for step width) from six young 
healthy participants (total trials n=360). Mean bias is indicated by the solid black line and upper and 
lower 95% limits of agreement are indicated by the dotted lines.
Supplementary Figure 2. Bland-Altman plots of the margins of stability in the anteroposterior 
direction (MoS AP) and the mediolateral direction (MoS ML) from 60 steps of six young healthy 
participants (total trials n=360). Mean bias is indicated by the solid black line and upper and lower 
95% limits of agreement are indicated by the dotted lines.
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abStraCt
Background – An important goal in the treatment of osteoporotic vertebral compression 
fractures (OVCFs) is the prevention of new vertebral fractures and the subsequent pro-
gression to global sagittal malalignment. Current conservative treatment is multimodal 
and comprises analgesics, medication for osteoporosis and physical therapy. However, 
little is known about the value of orthoses in the treatment of OVCFs.
Aims – The primary purpose of this study was to examine the direct effect of a semirigid 
thoracolumbar orthosis on gait in patients suffering from an OVCF. The secondary pur-
pose was to evaluate changes in gait, radiographic sagittal alignment, pain and quality 
of life over time.
Methods – Fifteen postmenopausal patients with an OVCF were treated with a semirigid 
thoracolumbar orthosis. At baseline, after six weeks and after six months gait analysis 
was performed with a dual belt instrumented treadmill with a 180 degrees projection 
screen providing a virtual environment (Computer Assisted Rehabilitation Environ-
ment) combined with clinical and radiographic assessments. 
Results – At baseline, bracing caused a significantly more upright posture during walking 
and patients walked faster, with larger strides, longer stride times and lower cadence 
compared to walking without orthosis. After six weeks, radiographic and dynamic 
sagittal alignment improved compared to baseline. The observed effect was gone after 
six months when the orthosis was not worn anymore.
Conclusion – A semirigid thoracolumbar orthosis seems to have a positive effect on gait 
and stability in patients suffering an OVCF as was shown by a more upright posture, 
which may result in decreased compressive loading of the vertebrae. For studying the 
true effectiveness of dynamic bracing in the treatment of OVCFs, a prospective, ran-
domized controlled trial will be needed.
Chapter 3 
49
1. IntroDuCtIon
Osteoporosis is characterized by a low bone mineral density and a resulting propensity 
to fractures, of which vertebral compression fractures are the most common clinical 
manifestation. In our ageing society the impact of osteoporotic vertebral compression 
fractures (OVCFs) on medical and economic costs is rapidly increasing [1].
Postmenopausal women who present with an initial vertebral compression fracture 
are at substantial risk for a subsequent vertebral fracture within one year [2]. When 
fractured, the vertebra is commonly deformed by disproportionate height loss from the 
anterior vertebral body resulting in wedging [3]. Wedge accumulation over multiple tho-
racolumbar levels may lead to subsequent spinal deformity [4]. Inability to compensate 
for the alternating load distribution of the spine leads to global spinal sagittal malalign-
ment [4]. Increased anterior spinal loading has been associated with a downward spiral 
of subsequent vertebral compression fractures [5].
In thoracolumbar hyperkyphosis there is an increased anterior bending moment on 
the trunk which shifts the body’s centre of mass forward, i.e., closer to the anterior 
boundary of the base of support under the feet. It has been shown that global sagittal 
malalignment causes impaired postural control, slower gait and a wider base of support 
with stance and gait [3, 6]. Impaired postural control during walking is a major risk 
factor for falls [7]. Critically, falls among older adults who are frail and have osteoporosis 
are associated with high morbidity and mortality and may need high-cost medical inter-
ventions [1, 8]. 
Treatment of OVCFs should aim to break the downward spiral of recurrent vertebral 
compression fractures and to prevent the subsequent progression of hyperkyphosis 
and resultant global sagittal malalignment. Furthermore, it should intend to prevent 
or slowdown the decline in postural control, while limiting the increasing risk of fall-
ing in these patients [7, 9]. Current conservative management of symptomatic OVCFs is 
multimodal and comprises analgesics, medication for osteoporosis, physical therapy, 
and bracing [10, 11]. The use of conventional, rigid spinal orthoses is limited in patients 
suffering from osteoporosis due to the suspected subsequent atrophy of the trunk 
muscles and restricted respiration leading to low compliance [12, 13]. In order to ad-
dress these drawbacks, the concept of “dynamic bracing” has been introduced using 
semirigid thoracolumbar orthoses in which trunk muscle strength is improved and 
compliance is increased [12-15]. These orthoses are commonly used to treat traumatic 
vertebral fractures, but there is little knowledge on their use for OVCFs [10, 11, 13, 16]. 
The primary goal of dynamic bracing in the conservative treatment of OVCFs is to reduce 
pain by stabilising the spine and allowing for muscle spasm relief [13]. Another goal is 
to maintain neutral spinal alignment and to limit flexion, thus reducing anterior axial 
loading on the fractured vertebrae [14]. However, the actual effect of dynamic bracing 
on the sagittal alignment of the spine in patients suffering from an OVCF has only been 
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determined by quantification of the regional kyphosis angle on static radiographs [12, 
13]. No studies are available evaluating the effect of a dynamic orthosis on gait and global 
sagittal alignment of the spine [12, 14, 15]. The data in previous studies regarding balance 
is mainly retrieved during static tasks such as standing, but it is important to note that 
stability control during static tasks shows only little relationship with more dynamic 
tasks as performed during activities of daily living [7, 8, 17].
The primary aim of this study was to examine the direct effect of a semirigid thoraco-
lumbar orthosis in patients suffering from an OVCF on spatiotemporal gait parameters, 
trunk motion and stance-phase knee flexion while walking. The secondary study purpose 
was to evaluate changes over time in gait, radiographical sagittal alignment of the spine, 
and pain and quality of life in these patients. 
2. mEthoDS
2.1 Participants
This was an observational, single-centre study approved by the Maastricht University 
Medical Centre institutional review board (NL52978.057.15). The study was explained be-
fore obtaining patient written informed consent and conducted in accordance with the 
Declaration of Helsinki. Inclusion of participants was conducted from September 2015 to 
March 2018. Fifteen, consecutive, adult postmenopausal patients presenting at the Emer-
gency Department suffering from a symptomatic, new OVCF of the thoracolumbar spine 
were enrolled. Inclusion criteria were female gender, age 55 years or older, symptomatic 
OVCF (less than 3 weeks old, visible on thoracolumbar radiographs) and ambulatory. 
Exclusion criteria were unstable fractures, previous OVCFs, not fully ambulatory, the 
need of walking aids, active cancer, and body weight exceeding the equipment rating for 
the treadmill (135 kg). Demographic data included patient age, body height, body weight 
and Charlson Comorbidity Index. Informed consent was obtained from all individual 
participants included in the study. Data were obtained at baseline (T0), at six weeks (T1) 
and at six months after baseline (T2). Since this study was set up as an exploratory study, 
no power calculation was performed for the desired primary outcome measure. 
2.2 treatment
All subjects were prescribed to wear the thoracolumbar orthosis Osteolind® Plus (Werk-
meister, Wanfried, Germany) in the first six weeks for the entire day and optionally 
during the night. The orthosis is semirigid and consists of a malleable metal frame with 
soft padding and a system of belts with fleece. The orthoses were adjusted for each 
patient by an orthopaedic technician. After the six weeks visit, patients were requested 
to wear the orthosis at least six hours daily, and after three months for at least three 
hours daily until the final follow-up visit at six months. The actual time patients wore 
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the orthosis per day was reported in a patient diary during the entire study period. The 
diary was also used to monitor comfort and complications. 
Patients were referred to the rheumatology department for treatment of osteoporosis. 
Analgesic medication was prescribed whereas physical therapy was not.
2.3 gait and Stability analysis
Gait measurements were performed in a Computer Assisted Rehabilitation Environment 
(CAREN; Motekforce Link, Amsterdam, The Netherlands) by two certified clinical opera-
tors. The CAREN system includes a dual-belt treadmill with two instrumented force plates 
(1000Hz), a 12-camera motion capture system (100Hz; Vicon Motion Systems, Oxford, UK) 
and a virtual environment that provided optic flow on a 180° semi-cylindrical screen. 
Participants wore a safety harness connected to an overhead frame. Ten retroreflective 
markers were attached to anatomical landmarks (two acromion markers, four pelvic 
markers, two lateral distal femur markers and two lateral malleolus markers) and were 
tracked by the motion capture system [18]. The marker tracks were filtered using a low 
pass second order Butterworth filter (zero-phase) with a cut-off frequency of 12Hz. Foot 
touchdown and toe-off were determined using the treadmill force plates (50N threshold) 
in combination with a marker-based method [12]. This combined method was used to be 
able to accurately account for foot touchdowns and toe-offs occurring in the centre of 
the treadmill triggering both force plates simultaneously. For all steps, the foot marker 
method was used and then corrected based on the average discrepancy between the 
force plate method and the marker method timing for all steps that contacted only one 
force plate.
Participants first completed a familiarization trial consisting of 90 seconds walking 
at 1 m/s followed by 90 seconds walking at self-paced speed. Following familiarization, 
patients walked under two conditions: firstly, without wearing the orthosis and sub-
sequently while wearing the orthosis. During each condition, patients first walked at 
self-paced mode for 90 seconds and subsequently at a fixed speed of 1 m/s for 90 seconds. 
Collected gait data were analyzed in Matlab (version 9.4, R2016a) using previously 
published algorithms [19, 20]. The following spatiotemporal parameters were calculated: 
Walking speed defined as the average treadmill speed measured during self-paced mode; 
Step frequency defined as the inverse of the average duration between two subsequent 
heel-strikes; Step width calculated as the ML-distance between the ankle markers at the 
moment of heel-contact and step length defined as the AP-distance between these mark-
ers at the moment of heel-contact. Stability was expressed using margins of stability 
(MoS), calculated in both the anteroposterior (AP) and mediolateral (ML) directions at 
foot touchdown as the AP or ML distance between the boundary of the base of support 
(BoS; the ankle marker) and the extrapolated centre of mass (XCoM) in the corresponding 
plane, as defined by Hof et al. [21]. For the estimation of the centre of mass position and 
velocity, the average positions of the four pelvis markers were used. Stance-phase knee 
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flexion was determined as the knee flexion measured during terminal stance. Trunk 
motion, defined as the position of the trunk with regards to the pelvis, was calculated 
as the AP distance between the average of both acromion markers and the middle of 
the pelvis markers. The average distance over a gait cycle was calculated. Positive values 
indicate forward positioning of the trunk (positive sagittal alignment) whereas negative 
values indicate backward leaning. Produced gait and stability parameters were based on 
all recorded steps. For analysis the averages of all these parameters were used. 
2.4 radiographic assessment
Static sagittal alignment was analyzed on standardized lateral full-spine radiographs 
using validated software (Surgimap, Nemaris Inc., New York, NY). Pelvic parameters 
measured were Pelvic Incidence (PI), Pelvic Tilt (PT), and Sacral Slope (SS). Regional spi-
nal parameters included Lumbar Lordosis (LL, L1-S1) and Thoracic Kyphosis (TK, T4-T12). 
Sagittal alignment was assessed by Sagittal Vertical Axis (SVA), Global Sagittal Alignment 
(GSA) and Global Alignment and Proportion score (GAP score) [22, 23]. The wedge angle 
of each fractured vertebra was measured (the angle formed between the two lines drawn 
parallel to the superior and inferior endplates of the fractured vertebra). All patients had 
bone mineral density measurements (BMD) of lumbar spine using a dual-energy-X-ray 
absorptiometry device. The World Health Organization (WHO) classification was used to 
define osteoporosis as T-score ≤−2.5 (or osteopenia as T-score <1.0) at the lumbar spine.
2.5 Quality of life assessment
Pain was assessed using a Visual Analog Scale (VAS), ranging from 0 to 10, where level 
10 implies extreme pain and level 0 no pain at all. Quality of life was assessed using the 
Quality of Life Questionnaire of the European Foundation for Osteoporosis (QUALEFFO 
41). 
2.6 Statistics
Data was analyzed using SPSS Version 25 for Windows (SPSS, Inc. Chicago, IL). To inves-
tigate the effect of bracing on gait, paired t-tests were performed. Linear mixed effect 
model analysis (LSD correction) was performed to test for differences in gait, stability, 
trunk motion, radiographic sagittal alignment, pain and quality of life between the vari-
ous time points. A significance level of 0.05 was used.
3. rESultS 
Fifteen female participants with a symptomatic OVCF were included [mean age 69 (55-78) 
yrs, mean weight 69+11 kg, mean height 1.61+0.06 m, mean T-score -1.65+1.41 for the 
lumbar spine; Table 1]. For the secondary purpose, the six weeks and six months data 
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were available of eleven patients since four patients were not able or not willing to 
conduct follow-up measurements for various reasons. All patients wore the orthosis the 
entire day for the first six weeks; however, after the six weeks visit the time wearing the 
orthosis varied considerably among the participants (1 to 12 hours per day). Patients did 
not report any discomfort or complications wearing the orthosis.
3.1 Effect of bracing
At baseline, walking with the orthosis resulted in a statistically significant decreased 
trunk motion as compared to walking without the orthosis (51% decline, p=0.006). In 
addition, while wearing the orthosis patients tended to walk faster, with larger strides, 
longer stride times and lower cadence (Table 2). Stance-phase knee flexion decreased 
non-significantly when walking with orthosis, however large variation existed between 
patients as indicated by large standard deviations. Step width and MoS were comparable 
Gaiteen both walking conditions (Table 2). 
Stability after the fracture, spatiotemporal parameters, MoS, stance-phase kP-valuexion 
and also trunk motion were comparable between the two walking conditions (Figure 1B). 
Six months after the fracture, there was again a significant reduced trunk motion when 
walking with orthosis (Figure 1B versus 1C). The other outcome measures were compa-
rable between the two walking conditions six months after baseline. 
Table 2. Summary of the spatiotemporal and stability parameters, trunk motion and stance-phase 
knee flexion at baseline (mean + standard deviation).
Gait No brace (n=15) Brace (n=15) P-value
Stride length (m) 1.11 + 0.05 1.13 + 0.06 0.417
Speed (m/s) 1.07 + 0.12 1.13 + 0.17 0.109
Stride time (s) 1.11 + 0.05 1.13 + 0.06 0.140
Step width (m) 0.22 + 0.03 0.22 + 0.03 0.685
Cadence (st/min) 108.99 + 5.42 106.78 + 5.26 0.156
Trunk motion (cm) 3.60 + 2.59 2.38 + 2.84 0.006*
Knee flexion (°) 7.37 + 6.87 6.76 + 6.02 0.305
 
Stability No brace (n=15) Brace (n=15) P-value
MoS ML (m) 0.05 + 0.01 0.05 + 0.01 0.675
MoS AP (m) -0.08 + 0.03 -0.07 + 0.03 0.882
*Indicates a statistically significant difference between walking with and without orthosis (p<0.05).
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3.2 Changes over time
3.2.1 Gait and Stability Analysis (Walking without Orthosis)
Patients showed a gradual improvement over time in trunk motion (decrease of 8% 
(p=0.660) and 21% (p=0.270) at six weeks and six months, respectively). Spatiotemporal 
parameters significantly improved compared to baseline, with faster speed (increase of 
14% at six weeks (p=0.004) and 19% at six months (p<0.001), larger strides (p=0.039 at six 
weeks (4%), p=0.007 at six months (5%)), longer stride times (p= 0.008 at six weeks (5%), 
p=0.003 at six months (6%)) and lower cadence (p=0.011 at six weeks (4%), p=0.003 at six 
months (4%)) (Table 3). Step width decreased over time, but the decrease with regard to 
baseline was only significant at six months (p=0.041). Also stability changed over time, 
showing decreased MoS in the ML direction and increased MoS in the AP direction at SIX 
weeks (p=0.077 and p=0.148 respectively)) and at six months (p=0.137 and p=0.045) with 
regard to baseline (Table 3). Stance-phase knee flexion was comparable between the time 
points, showing differences smaller than 2°. Changes in gait and stability between six 
weeks and six months were not significant. 
Figure 1. Trunk motion over time. A more positive value indicates a more anterior position of the 
trunk in comparison to the pelvis. A. Trunk motion at baseline. Significant more flexed posture 
without orthosis (p<0.05). B. Trunk motion after six weeks wearing the orthosis shows no difference 
between walking with and without orthosis. C. Trunk motion after six months, showing a compa-
rable pattern as found at baseline (p<0.05).
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3.2.2 Radiographic Assessment
After six weeks of wearing the orthosis patients demonstrated an improvement in static 
sagittal alignment with respect to baseline as determined by a significant decreased GSA 
(54.64±8.49 vs. 48.31±7.64, p=0.001) and GAP score (5.64±2.87 vs. 3.18±2.86, p=0.001), and 
decreased SVA (50.05±39.53 vs. 33.65±36.37, p=0.089) (Figure 2A-C) despite a significantly 
increased wedge angle (9.75±5.03 vs. 13.69±4.79, p<0.001) (Figure 2D). However, after six 
months, when patients stopped wearing the orthosis, a rebound phenomenon was seen 
as the GSA and GAP score increased again towards baseline scores (GSA: 52.60± 9.84 and 
GAP: 5.00± 3.10 at 6 months) (Figure 2A-C). 
Table 3. Spatiotemporal and stability parameters, trunk motion and stance-phase knee flexion at 
the different time points (mean + standard deviation). 
Gait T0 (n=11) T1 (n=11) T2 (n=11)
T0 vs. T1
p-value
T0 vs. T2
p-value
T1 vs. T2
p-value
Stride length (m) 1.10 + 0.05 1.14 + 0.07 1.15 + 0.07 0.039* 0.007* 0.414
Speed (m/s) 1.09 + 0.10 1.24 + 0.21 1.30 + 0.23 0.004* <0.001* 0.252
Stride time (s) 1.09 + 0.05 1.14 + 0.07 1.15 + 0.06 0.008* 0.003* 0.613
Step width (m) 0.22 + 0.03 0.21 + 0.02 0.20 + 0.03 0.255 0.041* 0.321
Cadence (st/min) 110.67 + 5.06 106.19 + 6.17 105.05 + 5.70 0.011* 0.003* 0.524
Trunk motion (cm) 3.60 + 2.59 3.30 + 2.64 2.85 + 2.79 0.656 0.274 0.511
Knee flexion (°) 6.27+7.55 8.61+4.84 7.56+6.66 0.126 0.367 0.545
 
Stability T0 (n=11) T1 (n=11) T2 (n=11)
T0 vs. T1
p-value
T0 vs. T2
p-value
T1 vs. T2
p-value
MoS ML (m) 0.05 + 0.01 0.04 + 0.01 0.04 + 0.01 0.077 0.137 0.760
MoS AP (m) -0.10 + 0.03 -0.09 + 0.02 -0.09 + 0.03 0.148 0.045* 0.538
*Indicates a statistically significant (p<0.05). T0 is baseline, T1 is six weeks after baseline, T2 is six 
months after baseline.
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3.2.3 Quality of Life Assessment
With regard to baseline, patients reported less pain and improved quality of life six 
weeks after fracture, showing decreased pain on VAS (68%, p<0.001), QUALEFFO 41 pain 
(38%, p<0.001), physical function (42%, p=0.001), social function (21%, p=0.091) and general 
health (16%, p=0.138) scores. These reductions in pain and improvement in quality of 
life continued after the six weeks visit, showing significantly improved quality of life 
outcomes at six months compared to baseline. The improvements between six weeks 
and six months (range 6%-40%) were smaller than the improvements observed during 
the first six weeks (range 16%-68%) (Figure 3). 
Figure 2. Radiographic sagittal balance. 
The graphs represent the mean + standard deviation at each time point. A. GSA, significant im-
provement T0 versus T1 (p<0.001). Relapse at T2. B. GAP score, significant improvement T0 versus T1 
(p=0.001)). Relapse at T2. C. SVA, improvement T0 versus T1 (p=0.089), Relapse at T2. D. Wedge angle, 
significant increase at six weeks (p<0.001) and six months (p<0.001).
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4. DISCuSSIon
In the current study, the use of a semirigid thoracolumbar orthosis had a positive effect 
on dynamic sagittal balance in patients suffering an OVCF, as was shown at baseline 
by a significant posterior shift in trunk motion when walking with orthosis compared 
to walking without orthosis (Table 2). Also, spatiotemporal parameters were positively 
affected by the orthosis in the majority of patients, however, because of variability these 
observed changes were not significant at group level (Table 3). After six weeks, static 
sagittal alignment (radiographs) and trunk motion during walking were improved as 
compared to baseline. Pain and quality of life improved significantly over the entire 
study period. Another interesting finding of this study was that it is possible to safely 
gain detailed information on gait and stability in a frail population with acute pain. A 
computer-assisted rehabilitation environment allows a safe and standardized condition 
to accurately analyze gait and stability in frail patients.
The results of this study suggest that six weeks of continuous bracing with a semirigid 
orthosis results in a more upright posture and adjusted gait pattern, comparable to walk-
ing with the orthosis. However, for the improvement in posture and gait pattern, as well 
as the significant improvement in pain and quality of life the natural healing process of 
the fractured vertebra might also play an important role. After six months, static and 
dynamic sagittal alignment deteriorated again. The deterioration in trunk motion may 
suggest that the improvement in sagittal alignment is slightly reversible. This could 
be attributed to the fact that patients did not wear the orthosis continuously anymore 
after six weeks. In contrast, pain and quality of life further improved after six weeks 
suggesting that the changes in trunk motion are not solely caused by pain. This suggests 
that the continuous use of a semirigid orthosis might also contribute to the improve-
Figure 3. Pain and quality of life. 
A. VAS, graphs represent mean + standard deviation. Statistically significant improvement in VAS-
score over time (T0 vs. T1 p<0.001; T0 vs. T2 p<0.001)). B. Qualeffo 41 results, the bars represent the 
mean + standard deviation. Statistically significant improvement over time in Qualeffo domain pain 
(T0 vs. T1 p<0.001; T0 vs. T2 p<0.001), physical function (T0 vs. T1 p=0.001; T0 vs. T2 p<0.001), and 
social function (T0 vs. T1 p=0.091; T0 vs. T2 p<0.001).
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ment in sagittal alignment six weeks after baseline [10]. Although the average absolute 
improvement in sagittal alignment was small, approximately 5° in radiographic sagittal 
alignment and 2 centimeters in trunk motion, it is considered clinically relevant. Bruno 
et al. [24] found that even a small increase in thoracic kyphosis results in a significant 
increase in vertebral compressive loading. In osteoporosis, the biomechanical strength 
of the vertebral bodies is reduced, especially in the anterior column [25]. Subsequent 
compressive overload during loading in flexion causes progressive collapse of the unsup-
ported anterior cortex, which damages the endplates and supporting trabeculae of the 
vertebrae resulting in novel vertebral fractures [26]. Wei et al. [27], found that vertebral 
compression fractures are approximately five- to tenfold more prevalent in patients with 
moderate or severe kyphosis of the thoracolumbar spine in comparison to patients with 
mild kyphosis. Therefore, in order to minimize increase in spinal loading and prevent 
new fractures, prevention of an increased thoracolumbar kyphosis is key in patients 
suffering an OVCF. However, a randomized controlled trial, including a larger patient 
group is required to further investigate the exact role of dynamic bracing on gait and 
posture in relation to the natural healing process of the vertebrae.
The improvement in sagittal alignment six weeks after baseline found in the cur-
rent study might be attributed to an increase in back extensor strength related to the 
increased antagonistic muscular activity while wearing the orthosis. Pfeifer et al. [12] re-
vealed that wearing an orthosis significantly increases the back extensor strength (72%) 
and the abdominal flexor strength (44%). The increase in muscle strength was correlated 
with a decreased kyphosis angle and a more upright posture [12]. Valentin et al. [15] 
demonstrated that dynamic bracing was associated with an increase in back extensor 
strength of 50%. This is consistent with the findings of Lantz et al. [28], who showed that 
wearing an orthosis increases the electrical activity of back muscles. Subsequently, the 
reversibility of the observed positive effect on sagittal alignment in this study may have 
been caused by the decline in skeletal muscle strength when patients stopped wearing 
the orthosis. Without exercise after the age of 30 the muscle mass declines at a rate of 
three to eight percent each decade due to apoptosis, loss of motor neuron function and a 
reduction in calcium pumping activity [29]. Therefore, maintaining optimal muscle mass 
and muscle function by means of active supervised exercise therapy in patients suffer-
ing an osteoporotic vertebral fracture may play an important role in the prevention of 
sagittal malalignment and subsequent fractures. Measuring the actual effect of dynamic 
bracing on back extensor strength should be considered in future controlled studies. 
According to the Global Spine Care Initiative, conservative management of acute pain 
and recovery of function in adults with OVCFs should include early mobilization, exer-
cise, medication for osteoporosis, spinal orthosis for pain relief only and calcitonin for 
analgesic-refractory pain [10]. There are no recommendations concerning stability, gait 
and posture yet. Although preliminary, the results of the current study might indicate 
that dynamic bracing, using a thoracolumbar spinal orthosis, may be a useful additive in 
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the multimodal treatment of OVCFs in order to maintain congruent posture. However, 
since the effect seemed to be reversible, life-time lumbodorsal muscle exercises should 
be provided in order to prevent subsequent vertebral fractures [9]. 
This exploratory study was limited by a relatively small number of patients and did not 
incorporate a control group. Therefore, the results should be interpreted with caution. 
However, for the improvement in trunk motion and radiographic sagittal alignment 
each patient served as their own control. Moreover, a study by Meccariello et al. [13] 
already revealed a significant reduction in pain and an improvement in quality of life 
and respiratory function for patients treated with dynamic bracing. For studying the 
true effectiveness of dynamic bracing in the treatment of OVCFs, a large prospective, 
randomized controlled trial will be needed. In such a study, a subanalysis should be 
performed in order to evaluate the effect of fracture site and the degree of compression 
on the main outcome parameters.
In conclusion, the results of the current study suggest a positive effect of a semirigid 
thoracolumbar orthosis on gait and stability in patients suffering an OVCF as was shown 
by a more upright posture, which may result in decreased compressive loading of the 
vertebrae. In addition, some evidence of a reversible effect on sagittal alignment was 
provided suggesting the need for prolonged periods of bracing or life-time lumbodorsal 
muscle exercises. However, the results need to be interpreted with caution as natural 
recovery following OVCF may play a role. Further research is thus required, preferably 
by means of a randomized controlled trial including a larger patient group to confirm 
these results.
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abStraCt
There are a number of drawbacks to incorporating large concentrations of barium 
sulphate (BaSO4) as the radiopacifier in PMMA-based bone cements for percutaneous 
vertebroplasty. These include adverse effects on injectability, viscosity profile, setting 
time, mechanical properties of the cement and bone resorption. We have synthesized 
a novel cement that is designed to address some of these drawbacks. Its powder in-
cludes PMMA microspheres in which gold particles are embedded and its monomer is 
the same as that used in commercial cements for vertebroplasty. In comparison to one 
such commercial cement brand, VertaPlexTM, the new cement has longer doughing time, 
longer injection time, higher compressive strength, higher compressive modulus, and is 
superior in terms of cytotoxicity. For augmentation of fractured fresh-frozen cadaveric 
vertebral bodies (T6-L5) using simulated vertebroplasty, results for compressive strength 
and compressive stiffness of the construct and the percentage of the volume of the 
vertebral body filled by the cement were comparable for the two cements although the 
radiopacity of the new cement was significantly lower than that for VertaPlexTM. The 
present results indicate that the new cement warrants further study.
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1. IntroDuCtIon
Osteoporotic vertebral compression fractures are the most common fractures among 
the elderly, with an estimated number of 1.4 million new fractures occurring every year 
in patients over 50 years of age worldwide [1-3]. Although some vertebral compression 
fractures can be asymptomatic, most patients experience substantial, incapacitating 
pain, which can become chronic [3,4]. Percutaneous vertebroplasty is a minimally in-
vasive procedure in which bone cement is carefully injected into a painful osteoporotic 
fractured vertebra under continuous fluoroscopic guidance. The bone cement hardens 
in situ, providing increased strength and stabilization. Most importantly, pain is substan-
tially relieved which, in turn, results in a significant improvement of quality of life in 
the elderly population [3,4]. 
The bone cement used for vertebroplasty are derived from conventional polymethyl-
methacrylate (PMMA) bone cements used for total hip and knee arthroplasty. The main 
modification is that cements used in vertebroplasty contain a much higher proportion 
of radiopacifier (up to 30% on weight basis), most commonly barium sulphate (BaSO4) 
[5-7]. Large amounts of radiopacifier particles negatively influence injectability of the 
cement as the particles have a tendency to form agglomerates due to a higher molecular 
weight and polarity in comparison to PMMA [8]. Kurtz et al. [8] revealed that these large 
agglomerations of BaSO4 also act as fatigue initiation sites, and adversely affect the 
fatigue life of the cement. Moreover, the mechanical properties of the cement relevant 
to its use in vertebroplasty (that is, compressive strength and fracture toughness) are 
reduced due to increased concentrations of radiopacifier [9]. Furthermore, in vitro and in 
vivo histological studies have shown that the conventional radiopacifying agents evoke 
a pathological response. BaSO4 is known to cause a foreign body inflammatory reaction, 
activating macrophages and pro-inflammation cytokines which, in turn, leads to the 
onset of osteolysis [8-11]. 
Commercial PMMA bone cements start to polymerize at a rapid rate immediately 
after the powder and liquid fractions are mixed. This exothermic reaction leads to a 
large increase in cement viscosity over a few minutes with a short handling time as a 
consequence. In a bid to improve handling properties of a cement (increase its injection 
and setting times), it is common for surgeons to alter the powder-to-liquid ratio that 
is recommended by the cement manufacturer. By doing so, a lower viscosity can be 
obtained, which may offer more time and more control during injection because less 
force is needed [12]. On the other hand, a major concern is the risk of cement leakage 
during injection, which increases with lower cement viscosity [13]. Complications associ-
ated with cement extravasation, such as pulmonary cement embolism and nerve root 
compression have been reported [3,4,13]. 
One way to control and improve injectability and setting times is to incorporate cross-
linked PMMA microspheres in the polymer phase. Rodrigues et al. [12] showed that by 
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using these microspheres, handling behaviour can be substantially improved: viscosity 
was decreased during a prolonged injection window, whereas the maximum exotherm 
temperature was reduced significantly to provide protection from heat damage. By 
incorporating the radiopacifier within these cross-linked microspheres, negative effects 
of the radiopacifier will also be diminished. Since agglomerates of the radiopacifier 
that impede cement injection through a needle can no longer be formed, injectability 
may be improved further. Since both the microspheres and the surrounding matrix are 
both comprised of PMMA, the cement should have similar mechanical properties to the 
currently used commercial cements. Additionally, as radiopacifier particle leach-out is 
highly improbable, tissue and inflammatory responses induced by the contrast agent 
will be limited [8-11]. 
There is an ongoing debate regarding the suitability of BaSO4 as radiopacifier in 
bone cements [8-13]. The incorporation of several alternative radiopacifier agents (for 
example, iodine, bismuth salicylate, and zinc) has been investigated extensively [14-20]. 
Ideally, a radiopacifier for percutaneous vertebroplasty should be inert, free from any 
contaminants, and non-toxic. Gold particles as radiopacifying agent have been used for 
dental root canal sealants and in-cast restorations [21,22]. As shown by Camilleri et al. 
[21], gold exhibits high radiopacity values due to its high relative atomic mass. Further-
more, gold particles have excellent biocompatibility and facile synthesis [20,22]. All of 
these properties make gold particles an excellent candidate as a radiopacifier specifically 
for incorporation within microspheres.
In the present work, we studied a conceptually new type of cement, comprising gold 
particle-containing PMMA microspheres, which may be suitable for vertebroplasty. Al-
though the formulation of the new cement is comparable to that of commercial cements 
for vertebroplasty, there is one major difference: the gold particles were not just added 
to the solid portion of the cement, prior to cement mixing. Rather, the new cement 
was based on synthesis of cross-linked PMMA microspheres in which gold particles 
were embedded homogeneously. In a commercial cement for vertebroplasty, the dough 
consists of a continuous phase (largely, MMA monomer) and two dispersed phases (PMMA 
microspheres and irregular BaSO4 particles). However, in the new cement, the dough 
consists of the same continuous phase (largely, MMA monomer) and one dispersed phase: 
the crosslinked PMMA microspheres with gold particles incorporated. The study had 
two purposes. The first was to compare the novel cement and a counterpart commercial 
cement brand used for vertebroplasty on the basis of doughing time, injection time, 
cytocompatibility, compressive strength and compressive modulus. The second was to 
compare these two cements when used to augment fractured fresh-frozen cadaveric ver-
tebral bodies (T6-L5) using simulated vertebroplasty on the basis of compressive strength 
and stiffness of the construct, the percentage of the volume of the vertebral body filled 
by the cement, and radiopacity of the cement.
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2. matErIalS anD mEthoDS
2.1 microsphere Synthesis and Cement Preparation
2.1.1 Materials
Chemicals were purchased from Sigma/Aldrich/Fluka (Zwijndrecht, The Netherlands) 
and Acros (Landsmeer, the Netherlands). Benzoyl peroxide (BPO), tetraethylene glycol 
dimethacrylate (TEGDMA), sodium chloride (NaCl), glutaraldehyde (25% solution), 
poly(methyl-methacrylate) (PMMA; M.W. 120,000), poly(vinyl alcohol) (PVA; M.W. 86,000; 
99-100% hydrolyzed), poly(ethyleneglycol) (PEG; M.W. 1,000), poly(vinyl pyrrolidone) (PVP; 
K-23-32; M.W. 58,000), MTT, and hexamethyl-disilazane were used as purchased. Meth-
ylmethacrylate (MMA) was distilled at atmospheric pressure and stored at -20°C. Gold 
powder was purchased from Metalor® (PUAU3335; Neuchâtel, Switzerland); particle size 
distribution: 90% <2.7 µm, 50% <1.5 µm, 10% <0.8 µm. Cell culture medium (DMEM-F12), 
fetal bovine serum (FBS), antibiotics, and Cyquant reagent were purchased from Life 
Technologies (Bleiswijk, The Netherlands). For comparison, a commercial vertebroplasty 
cement brand, VertaPlexTM (Stryker, Kalamazoo, MI, USA) was used consisting of 9.5 mL 
of a liquid monomer (9.4 mL MMA, 0.10 mL N,N-dimethyl-para-toluidine and 0.75 mg 
hydroquinone) and 20 g of a finely divided powder (6.0 g BaSO4 (30 wt./wt%), 14.0 g PMMA 
containing benzoylperoxide (2.6%)). The Viscosafe Injection Kit (syringes and accessories 
for vertebroplasty), manufactured by Synthes (Oberndorf, Switzerland), was used in all 
the experiments.
2.1.2 Synthesis of Gold-containing PMMA Microspheres
An aqueous solution (150 mL) of poly(vinyl alcohol) (3.5 g), poly(ethylene glycol) (4.0 g), 
and poly(N-vinyl pyrrolidinone) (2.0 g) was prepared in a 250-mL round bottom flask. 
The solution was magnetically stirred (1100 rpm) and heated to 86-87°C. A suspension of 
methyl methacrylate (11.55 g, 115.36 mmol), gold particles (2.00 g), benzoyl peroxide (500 
mg, 2.06 mmol), tetraethyleneglycoldimethacrylate (404 mg, 1.22 mmol), N,N-dimethyl-
p- toluidine (94 mg, 0.69 mmol), sodium chloride (2.5 g, 42.78 mmol), and PMMA (3.24 
g; M.W. 120,000) was prepared and thoroughly mixed in a 100-mL round bottom flask. 
The viscous slurry was poured into the hot and stirred aqueous solution. Heating and 
stirring were continued for 4 hours. Formation of microspheres was confirmed by taking 
an aliquot, and examining this by light microscopy. Then, the heat source was turned 
off, and the flask was allowed to cool to room temperature. After several hours, stirring 
was stopped and the microspheres were allowed to settle on the bottom of the flask. The 
microspheres were isolated by centrifugation (200 g), washed with water (five times), 
and lyophilized by freeze-drying. The microspheres were size-sorted by sieving in two 
classes, 300 – 600 µm diameter, and 0 – 300 µm diameter, using calibrated circular sieves 
with a diameter of 20 cm (Retsch, Germany). Microspheres without gold particles were 
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also synthesized, using the identical protocol for radiolucent cement. The purpose of 
this radiolucent PMMA microsphere control cement was to be able to assess the effect 
of contrast agents on the cement performance in the different in vitro experiments. For 
the ex vivo experiments this control cement was not used because of costs and limited 
availability of human donor spines.
2.1.3 Cement Preparation
Gold-containing microspheres with a diameter in the range 0 – 300 µm (4.00 g) were 
transferred into a bowl of aluminum foil, and 110 mg of benzoyl peroxide was added. A 
stock solution of methyl methacrylate and N,N-dimethyl-p-toluidine (40.0:0.50; g:g) was 
made in a closed 100-mL Erlenmeyer flask. 4.00 g of this mixture was transferred into the 
aluminum bowl. The powder and liquid fractions were mixed with a spatula for several 
minutes, until formation of a dough. At this time, the microspheres were suspended 
in the dough and no longer sank to the bottom. The VertaPlexTM control cement was 
mixed according to the manufacturer’s instructions. For the radiolucent cement, the 
protocol for preparing the gold cement was used. The time until a usable dough was 
obtained was recorded. When reaching dough consistency, the cements were carefully 
inserted into 5-mL polypropylene syringes (4 g per syringe) from which the plunger 
was removed. The plunger was re-inserted and enclosed air bubbles were removed. The 
time at which the syringes became >70°C, indicating that the polymerization reaction 
took place and injection was no longer possible, was recorded. The filled syringes were 
left untouched for 24 hours. Note that curing of the cement samples occurred below 
the glass transition temperature of PMMA (which is 105oC approximately). This implies 
that the polymerization is diffusion-controlled, and that conversion will not reach 100%. 
These conditions resemble those in vivo; it is well known that elevated temperatures due 
to the exothermic nature of the polymerization also occur in vivo. The cement rods were 
machined into test samples, either cement discs of 1.0 mm height and 6.0 mm diameter 
(for in vitro cytocompatibility), or cylinders of 6.0 mm height and 6.0 mm diameter (for 
uniaxial compression).
Scanning electron microscopy (SEM) was performed with a Philips XL-30 instrument. 
Fundamental insight into the morphology of the cement was attained using backscatter 
mode at an accelerating voltage of 30 kV. Cements discs were cut and polished, and 
surfaces were sputter-coated with carbon prior to examination. 
2.2 In Vitro Cytocompatibility analysis
2.2.1 Cell Culture
Mouse fibroblasts (L929) were used for evaluating cytotoxicity of cement extracts. For 
the evaluation of the direct contact between cells and cements, both L929 and SAOS-2 
cells (an osteosarcoma cell line) were used [23]. DMEM/F12, containing Glutamax, supple-
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mented with 10% (v/v) fetal bovine serum (FBS) and antibiotics (10 U/mL penicillin, 10 
µg/mL streptomycin, and 0.25 µg/mL amphotericin B) was used as culture medium for 
L929 mouse fibroblasts. MEM with Glutamax containing the identical supplements, as 
described for the DMEM/F12 medium, was used for the SAOS-2 cells. Cells were grown at 
37°C/5% CO2 and harvested with Trypsin/EDTA (0.05%/0.4 mM). Cells were counted using a 
haemocytometer and inverted light microscope (Leica DM-IL) and diluted to the desired 
cell density.
2.2.2 Cytotoxicity of Cement Extracts
Cement discs were sterilized by incubation with ethanol and subsequent evaporation 
in a sterile environment. Samples were then incubated in medium (0.2 g/mL) at 37°C for 
48 hours (first extract) and subsequently in fresh medium for 72 hours (second extract). 
10,000 cells were added to the wells of a 96-well plate and incubated for 24 hours at 
37°C/5% CO2. The medium was removed and replaced with 100 µL of the first or second 
extract (vide supra). Medium without cement sample and medium with 5% dimethylsulf-
oxide (DMSO) were used as controls. The cells were incubated for another 48 hours with 
the extracts. 25 µL of medium containing MTT (2 mg/mL) was added, and the plates were 
further incubated at 37°C for 90 minutes. The medium was aspirated, the formed purple 
formazan was dissolved in isopropanol, and absorbance at 570 nm was measured. Cell 
viability was expressed as percentage of the negative control (medium without cement 
sample). 
2.2.3 Direct Method
The discs, which showed to be free of toxic leachables, were seeded with two different 
cell types. The L929 was used as a bio-sensing cell line, relatively sensitive to toxic com-
pounds and toxic surfaces. The SAOS-2 cells, related to osteoblasts, represent the type of 
cells that most likely will interact with these cements in situ.
Thoroughly washed cement discs were sterilized with alcohol and put in the wells 
of a 24-well plate. Approximately 80 µL of cell suspension (1.106 cells mL-1) was carefully 
put on top of the cement discs. The cells were allowed to adhere to the surface for one 
hour at 37°C, after which enough medium was added to the wells to cover the surface 
(1.0 mL). The plate was left for 72 hours at 37°C/5% CO2. Subsequently, the cells were 
washed once in warm PBS and stained for 20 minutes at room temperature using the 
Live/Dead assay from Life technologies (L-3224). The final concentrations used were 2 
µM Calcein-AM and 4 µM Ethidium homodimer I. The samples were observed using a 
Nikon Eclipse E-800 fluorescence microscope equipped with an Evolution-VF cooled CCD 
camera (Media Cybernetics, Rockville, MD, USA). Living cells appeared green while dead 
cells turned fluorescent red.
Alternatively, samples were placed in fixative (2.5% glutaraldehyde in PBS), after wash-
ing in PBS, overnight at 4°C. Next the samples were washed with PBS (three times) and 
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dehydrated with an ethanol series (50, 70, 80, 90, 96, 100%). The samples were then incu-
bated for three minutes in hexamethyl-disilazane and subsequently air-dried [24]. These 
samples were then prepared for SEM analysis by gluing cement discs with attached cells 
to sample holders using silver glue, and sputter-coating with gold. Cell morphology 
was studied by imaging in the standard mode at an accelerating voltage of 10 kV. Glass 
plates were used as a control for easy identification of cell morphology because some 
cement discs may have debris on them and/or were not perfectly flat, which may make 
identification of cells difficult.
2.3 biomechanical testing
2.3.1 Uniaxial Compression
Uniaxial compression tests were carried out using an Instron Automated Materials Test-
ing System (LX Model) equipped with a 10 kN loading cell. The tests were driven at 
ambient temperature. Cylindrical cement samples with height of 6 mm and diameter 
of 6 mm were used. No blocking of transversal strains could occur since the samples 
were placed freely between the support surfaces of the testing machine. Samples were 
tested at a compression rate of 1 mm/min (n = 8-10). Compression was stopped at 50% 
compression (height = 3 mm). 
The modulus and strength (0.2% offset) were calculated from the slope of the linear 
part of the stress/strain diagram i.e. at displacement <5% (Figure 1). Experiments were 
performed in eight-fold (for radiolucent control cement) or performed ten-fold for the 
gold-containing cement and for VertaPlexTM.
 
Figure 1. Set of representative experimental stress-strain curves (mean + standard deviation repre-
sented as error bars) after uniaxial compression. 
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2.3.2 Cement Injection into Human Cadaveric Vertebrae with Simulated 
Compression Fractures
The mechanical response of vertebrae with simulated osteoporotic vertebral compres-
sion fractures (OVCF’s), before and after injection with two cements (VertaPlexTM versus 
gold-containing microsphere cement), were compared. 
2.3.2.1 Vertebral Anatomy
Twenty-two intact human vertebrae (T6-L5) were obtained and isolated from two fresh 
frozen female cadavers (86 and 89 years of age) which had been donated for medical 
research (Department of Anatomy and Embryology, Maastricht University). Spines were 
kept frozen (-20°C) in sealed bags. The areal bone mineral density (aBMD) was determined 
for each spine by dual energy X-ray absorptiometry. Computed tomography evaluation 
was performed to rule out vertebral fractures. After thawing at room temperature (20°C) 
for at least 24 hours, individual vertebrae were separated and excised of soft tissue. 
The posterior elements (spinous process and vertebral arch) were removed to facilitate 
mechanical testing, leaving the pedicles intact. Each vertebra was floated in a sealed 
plastic bag in a water bath maintained at 37°C for at least one hour prior to testing to 
ensure that the vertebrae were at body temperature. 
Within each of the spines, consecutive vertebrae were considered paired specimens; 
that is, T6 and T7 constituted one pair and L4 and L5 constituted another pair. One 
of each paired members was assigned into the experimental group (gold-containing 
microsphere cement), while the other paired member was assigned to the (VertaPlexTM 
cement) control group. Assignment into either group was alternated for paired vertebrae 
from the second donor in order to avoid potential bias that is associated with assigning 
the superior vertebra of each pair to the same experimental group [25].
2.3.2.2 Simulated Osteoporotic Vertebral Compression Fracture Model 
Impressions of the inferior and superior endplates of each vertebra were made by pour-
ing two blocks of polymethylmethacrylate (PMMA) microtome mounting medium (Tech-
novit 3040, Heraeus Kulzer, Haarlem, The Netherlands) on both sides of the vertebral 
body to provide homogenous loading and standardized positioning of the vertebrae. 
The vertebral bodies, seated between these two blocks, were then placed in between 
two platens on a materials testing machine (MTS actuator, Zwick/Roell, ZMART PRO) 
for determination of initial strength and stiffness. Initial stiffness was defined as the 
average slope on the load-displacement curve. Strength was defined as the inflection 
point on the load-displacement curve (Figure 2) [25]. Pure axial compression was ensured 
by means of a ball-and-socket system in the top platen to induce a compression fracture. 
Each vertebra was preloaded in axial compression to 80N for 60 seconds after which 
compression was applied to the superior plate at a rate of 5 mm/min, until the anterior 
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height of the vertebrae was decreased by 25% [25,26]. Because of the adjustable load 
application via the ball-and-socket system a wedge-shaped compression fracture was 
provoked [25,26].
2.3.2.3 Cement Injection
After the simulated (wedge-shaped) compression fracture was created, a 12-gauge ver-
tebroplasty injection needle was inserted under biplanar fluoroscopic control through 
each pedicle base into the fractured vertebral body (Figure 3). The assigned cement 
was prepared as described in paragraph 2.1.3. Cements were hand-mixed using regular 
cement mixing equipment for one or five minutes (VertaPlexTM versus gold-containing 
microsphere cement, respectively), and then transferred into the syringes.
Each of the cements was injected bipedicularly under lateral C-arm fluoroscopic control 
by an experienced senior spine surgeon (PW). Injection was stopped if (pending) posterior 
extravasation was observed on fluoroscopy. At thoracic levels, a maximum volume of 6 
mL of the appropriate cement was injected into each vertebra and a maximum volume 
of 8 mL was injected into the lumbar vertebrae [27]. In order to mimic body temperature, 
the vertebrae were sealed in plastic bags and floated in a bath maintained at 37°C for 24 
hours after cement augmentation. The vertebral specimens were then compressed again 
according to the initial fracture protocol until failure, and post-augmentation strength 
and stiffness were determined as before.
Figure 2. Typical initial and post-cement augmentation mechanical response of a vertebral body 
[25]. 
Stiffness was defined as the average slope and strength as the inflection point on the load-displace-
ment curve.
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2.3.3 Cement Distribution and Radiopacity
High resolution peripheral quantitative computed tomography (HR-pQCT, Xtreme CT, 
Scanco Medical AG, Switzerland) imaging of the vertebrae was performed before the 
initial compression, after the initial compression and after cement augmentation in 
order to assess radiopacity and filling percentage and distribution of the cement in the 
vertebral bodies. Standard scan settings were used (peak voltage of 60 kVp, tube cur-
rent of 900 µA and 100 ms integration time) and images were reconstructed using an 
isotropic voxel size of 82 µm. The apparent volumetric bone mineral density [mgHA/cm3] 
was evaluated for the cortical and trabecular compartments of the vertebrae. Apparent 
density was also used as a measure of radiopacity of the cement.
Fill percentage was determined using a custom written script (MATLAB; MathWorks, 
Natick, MA, USA). After applying a Gaussian filter, thresholding was applied to distinguish 
between cement and bone. Total bone volume was acquired by filling in the trabecular 
bone structure using repeated dilation and erosion steps [27].
2.3.4 Statistics
All of the quantitative results were analyzed using SPSS version 19 for Windows (SPSS, 
Inc., Chicago, IL). The cytotoxicity data were checked for normality using the Shapiro/
Wilk test (p>0.05). All the data passed this test and were further analyzed using a paired 
T-test. Differences in measured parameters between the VertaPlexTM cement group and 
the gold-containing microsphere cement group were analyzed with a Mann-Whitney 
U test (significance level at p<0.05). In order to investigate the differences in strength 
and stiffness within each experimental group, a Wilcoxon signed-ranks test was used 
(significance level at p < 0.05). 
Figure 3. Test set-up. 
A. Placement of a vertebra in the bundle of the fluoroscopic guidance system (C-arm). One trocar 
has been inserted (left pedicle); B. Detailed image of the trocar; C. Example of a real-time fluoros-
copy image, showing correct placement of the trocar’s tip at the center of the vertebra.
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3. rESultS
3.1 microsphere Synthesis and Cement Preparation
3.1.1 Characteristics of Microspheres
The yield of the gold-containing PMMA microspheres, from the suspension, was > 90%. 
The inclusion of PMMA (M.W. 120,000) in the mix of monomers and gold particles was 
required to obtain efficient synthesis of microspheres containing gold particles. The 
added PMMA increased the viscosity of the monomer/gold mix and, thus, prevented 
the loss of gold particles because of the centrifugal force from the non-polymerized 
monomer droplets in the surfactant solution. The gold-containing microspheres were 
sieved and those within the diameter range of 0 – 300 µm were collected for use in the 
experimental cement. The yield of gold-containing microspheres in the range of 0 – 300 
µm was approximately 50 wt%, with the other 50 wt% being microspheres with a large 
diameter.
3.1.2 Cement Properties
For VertaPlexTM, the doughing time (median: 3.0 min; range: 2.0-4.5 min) was significantly 
shorter than for the gold-containing cement (median: 7.0 min; range: 6.0-9.0 min), with 
the trend in injection time being the same (6-8 min and 14-16 min) for VertaPlexTM and 
the gold-containing cement, respectively.
The fundamental structural difference between the VertaPlexTM cement and the gold-
containing microsphere cement can easily be observed using backscatter SEM of cement 
samples (Figure 4). In the commercial VertaPlexTM cement, the most electron dense 
material (BaSO4) is found in the matrix surrounding the dark PMMA spheres (Figure 4B). 
The BaSO4 particles become dispersed in the liquid MMA upon mixing and trapped in 
the PMMA matrix after polymerization. In the gold-containing microsphere cement, 
Figure 4. Backscatter SEM images of cement surfaces. 
The radiopacifier BaSO4 is observed between the microspheres of the VertaPlexTM cement. In the 
gold-containing microsphere cement the gold particles can be easily distinguished, also showing 
the outline of the microspheres.
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the gold particles are incorporated in the microspheres, leading to localized patches 
of dense material (Figure 4C). The borders between the microspheres and the PMMA 
matrix cannot be clearly observed since both have identical electron density and, thus, 
identical color in the backscatter images. Still, it is possible to see the contours of the 
gold-containing microspheres in the cement by the localization of the electron dense 
gold particles.
3.2 Cytocompatibility
3.2.1 Cytocompatibility of Extracts from Cements
In Figure 5 is shown the level of cytotoxicity of the leachables from both cements. It 
is clear that only the first extract from the VertaPlexTM cement shows some moderate 
cytotoxicity (50% cell viability). The second extract from this cement shows a cell vi-
ability of just over 75%, with the cells in the wells having normal morphology. The newly 
synthesized gold-containing microsphere cement shows no cytotoxicity, as neither does 
the radiolucent control cement. 
Figure 5. Cytotoxicity of the cements. 
The level of toxicity of leachables is given in percentage of cell viability of the positive control. 
The bars represent the mean ± standard deviation of 16 (negative control) to 32 (all cements) inde-
pendent measurements. The * represents significance between de commercial VertaPlexTM cement 
and the radiolucent (PMMA) and gold (Au) cements (P<0.001). There was no significant difference 
between radiolucent and gold cements (N.S.). The negative control was significantly different from 
all cement samples (**; P<0.001).
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3.2.2 Cytocompatibility of Cement
In Figure 6 is shown the Live/Dead staining of L929 and SAOS-2 cells. The results were 
consistent for both cell types in these experiments; the large majority of the cells in all 
cement groups were viable with very few dead cells visible in each group. Green cells 
indicate viable cells, whereas red cells indicate dead cells due to the interaction between 
the ethidium-homodimer-1 and DNA. For the SAOS-2 cells, the whole cement surface is 
covered with viable cells. An almost complete coverage was obtained in three days, start-
ing with a surface coverage of less than 10% (<30,000 cells/cm2). Fully confluent layers of 
these cells can reach up to 300,000 cells/cm2 [23].
To support these results, a series of cement samples with attached cells was prepared for 
analysis of cell morphology and confluency using SEM (Figure 7). For each of the cements, 
the L929 cells attached to the surface and spread. A number of dividing cells could also 
be observed on all surfaces. For the SAOS-2 cells, the confluent cell layers observed in the 
immunofluorescence experiments were also observed on the SEM images. 
Figure 6. Live/Dead staining of A. L929 cells and B. SAOS-2 cells.
Green cells indicate viable cells, red indicates dead cells. The scale bars represent 100 µm.
Figure 7. SEM images of cells, A. L929 fibroblasts and B. SAOS-2, on the different cements. 
The cells on glass cover slips are shown as control.
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3.3 biomechanical testing
3.3.1 Compressive Properties of Cements
The compressive modulus of the gold-containing cement was significantly greater than 
that of VertaPlexTM, with the same trend seen for compressive strength (Table 1). Figure 1 
shows a set of representative experimental stress-strain curves (including error bars).
3.3.2 Characteristics of the Simulated Osteoporotic Vertebral Compression 
Fracture Model
The definition of osteoporosis is defined as a T-score less than or equal to -2.5 SD; Based 
on the areal bone mineral density (aBMD) results the vertebral bodies used in are to be 
classified as “osteoporotic” (Table 2). The difference in aBMD and T-score between the 
two cadaveric spines was not significant (Table 2). 
The volumetric BMD for the cortical and trabecular compartment of the vertebrae 
showed no significant differences between both groups (Table 3). Since there were no 
significant differences in volumetric BMD, and initial strength and stiffness between 
both experimental groups, adjacent vertebrae could be treated as paired specimens. 
There were no significant differences in either the initial compression strength or initial 
compression stiffness between vertebrae in the commercial cement group and the gold 
microsphere cement group paired specimens (Table 3).
There were no significant differences in either the post-augmentation compressive 
strength or the post-augmentation compressive stiffness between the VertaPlexTM ce-
ment group and the gold-containing microsphere cement group (Table 3). After cement 
Table 1. Summary of the compressive properties of the cements (mean ± standard deviation).
 
Compressive modulus 
(GPa)
Compressive strength 
(MPa)
VertaPlexTM cement (n=10) 1.61 ± 0.16* 52.73 ± 4.53*
Radiolucent cement (n=8) 2.50 ± 0.22* 96.04 ± 15.79*
Gold-containing microsphere cement (n=10) 2.18 ± 0.26 80.88 ± 10.57
*Values are significantly different from the gold cement (p<0.05)
Table 2. Summary of the mean areal bone mineral density (aBMD) results for the cadaveric spines.
Spine Gender Age (years) aBMD (g/cm2) * T-score (SD)
A Female 86 0.588 -4.2 + 0.8
B Female 91 0.579 -4.3 + 0.8
*No significant difference in aBMD between the spines (p=0.564)
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augmentation, vertebral body strength increased significantly in the VertaPlexTM cement 
group and in the gold-containing cement group, relative to the initial strength value 
(Table 3). However, vertebral body stiffness was not restored to initial levels in each 
group and was even significantly less than initial stiffness (Table 3). 
There were no significant differences in initial strength and stiffness or repaired stiff-
ness between the lumbar and thoracic regions. However, although not significant, there 
was an observed trend towards a higher repaired strength in the thoracic regions for 
both experimental groups in comparison to the lumbar regions (Table 2). 
Table 3. Summary of the vertebral body strength, vertebral body stiffness, injected cement volume, 
fill percentage, and density results (mean + standard deviation).
 VertaplexTM cement
Gold-containing 
microsphere cement P-value
OVCF strength (N) Initial Repaired Initial Repaired Initial Repaired
Thoracic (n=7) ƪ, 2366 + 1076 4760 + 2103 2176 + 612 4402 + 2396
Lumbar (n=4) * 2885 + 985 4638 + 2491 2742 + 462 3143 + 1235   
Combined (n=11) 2555 + 1027 4716 + 2126 ~ 2382 + 609 3945 + 2075 ~ 0.974 0.533 
OVCF stiffness (N/mm) Initial Repaired Initial Repaired Initial Repaired
Thoracic (n=7) ƪ, 1440 + 1079 1127 + 350 1163 + 532 1170 + 823
Lumbar (n=4) * 2519 + 800 845 + 188 2606 + 888 1028 + 518   
Combined (n=11) 1832 + 1089 1024 + 323 ~ 1688 + 967 1119 + 702 ~ 0.718 0.670 
Injected cement volume (mL)
Thoracic (n=7) ƪ, 5.57 + 1.17 5.50 + 1.12  
Lumbar (n=4) * 6.50 + 1.08 7.50 + 0.58  
Combined (n=11) 5.91 + 1.18 6.23 + 1.37 0.550 
Fill percentage
Thoracic (n=7) ƪ, 34% + 12% 29% + 14% 0.654 
Lumbar (n=4) * 29% + 4% 27% + 6% 0.081 
Combined (n=11) 32% + 10% 28% + 11% 0.532 
Density (mg HA/cm3)
Trabecular 
compartment ƪ, 
75.18 + 27.11 70.59 + 25.24 0.922 
Cortical compartment * 237.03 + 63.20 255.12 + 57.16 0.974 
Cement † 1878.21 + 79.95 1261.24 + 41.60 0.000 
ƪ, Values are not significantly different from each other in each group; * Values are not significantly 
different from each other in each group; † Significantly different between gold-containing micro-
sphere cement and VertaPlexTM cement (p<0.05); ~ Significantly different from the initial value 
(p<0.05).
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3.3.3 Cement Distributions and Radiopacity
There was no significant difference in the volume of the cement injected between Verta-
PlexTM and the gold-containing cements in either spine region. For each cement group, 
fill percentage was lower, although not significantly so, for lumbar vertebrae compared 
to thoracic vertebrae (Figure 8; Table 3). The radiopacity of VertaPlexTM was significantly 
greater than that of the gold-containing cement.
4. DISCuSSIon
The incorporation of barium sulphate (BaSO4) as the radiopacifier in PMMA-based bone 
cements for percutaneous vertebroplasty has adverse effects on injectability, viscosity 
profile, setting time, mechanical properties of the cement and bone resorption [8-11]. In 
this study, we assessed a conceptually new type of cement comprising gold-containing 
microspheres. The first study purpose was to compare the novel cement and a counter-
part commercial cement brand used for vertebroplasty in terms of in vitro injection time, 
cytocompatibility and mechanical properties. The second study purpose was to compare 
these two cements when used to augment fractured fresh-frozen cadaveric vertebral 
bodies by means of vertebroplasty on the basis of mechanical and filling properties and 
radiopacity.
 
Figure 8. Axial and lateral HR-pQCT imaging of vertebral bodies before simulated compression 
fracture (A. and D.), with simulated compression fracture (B.) and after cement augmentation with 
either the novel gold-containing cement (C. and E.) or VertaPlexTM cement (F.).
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Most commercial acrylic bone cements are prepared with a mean PMMA particle size 
in the range of 10-60 µm [28]. In the present study, gold microspheres were used with 
a diameter varying between 0 and 300 µm. The larger particle size is likely responsible 
for the observed increase in curing properties of the cement, in terms of doughing time 
and injection time. Mixing and polymerization times can be optimized by altering size 
and size distribution of the PMMA microspheres [12,28]. The amount of initiator benzoyl 
peroxide (BPO) and/or the accelerator N,N-dimethyl-p-toluidine can also be modified. 
This means that an optimal composition can be obtained, optimizing the working time 
in order to allow the surgeon to inject the cement precisely. For this study, we chose to 
keep the formulation of the gold-containing microsphere and the radiolucent control 
cement the same as the VertaPlexTM cement leading to a cement formulation that needs 
a somewhat longer mixing time, but provides a larger window of injection time. 
The elastic modulus and compressive strength for most commercial bone cements 
is reported to range between 1700-3700 MPa and 85-114 MPa, respectively [8,29,30]. The 
compressive properties we measured for the gold-containing microsphere cement (2018 
MPa and 81 MPa, respectively) are in general agreement with the previously published 
literature [8,29,30]. Although, curing conditions were the same for all cements and ac-
cording to the manufacturer’s specifications for the VertaPlexTM cement, the ultimate 
strength and elastic modulus of the VertaPlexTM cement that we found were outside 
the range reported in literature [8,29,30]. We could not find a clear explanation for this 
observed difference.
The gold-containing microsphere cement demonstrated an improved cytocompat-
ibility as compared to the VertaPlexTM control cement that contains BaSO4. BaSO4 in the 
cement matrix is the most plausible candidate for leaching and causing the observed 
toxicity. Since in the novel bone cement radiopacity is attained by gold particles that are 
solidly incorporated in the microspheres, the likelihood of leaching out is substantially 
decreased. Additionally, gold particles are reported to be inert [22]. Additional osteolysis 
after the injection of gold-containing microsphere cement would therefore presumably 
be lower than for the commercial VertaPlexTM cement and appears to be caused by the 
PMMA matrix itself (Figure 5). However, the long term in vivo effects are beyond the scope 
of this paper. 
Biomechanical evaluation in a simulated osteoporotic vertebral compression fracture 
model indicated that the ex vivo mechanical and filling properties are comparable for 
the gold-containing microsphere cement and the VertaPlexTM cement. For both cements, 
the post-augmentation strength was increased, while post-augmentation stiffness was 
decreased in comparison to the initial pre-augmentation values. These findings are 
consistent with those in other studies, in which similar cement volumes were used 
[25,26,31,32]. There is a clear correlation between fill percentage and mechanical proper-
ties after augmentation [31]. The observed differences in compressive property results 
between the lumbar and thoracic regions are related to both vertebral body size and the 
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injected cement volume. Due to the smaller size, the fill percentages were higher for 
thoracic vertebrae than for lumbar vertebrae. However, the ideal strength and stiffness 
values required for fracture stabilization and pain relief remain unknown; as well as to 
what extent restoration of strength and stiffness actually contributes to clinical pain 
relief [31].
High radiopacity for good visibility on fluoroscopy is an absolute pre-requisite for in-
jectable bone cements in the spine. Gold (Z=79) is a heavier element than barium (Z=56) 
which causes gold to have an almost three times higher attenuation coefficient than 
barium (250.8 1/cm vs. 86.0 1/cm, respectively) [33]. Because of the higher attenuation 
coefficient of gold, the required concentration of gold in the cement is lower than the 
concentration of barium in the VertaPlexTM cement in order to obtain similar radiopac-
ity. The concentration of gold in the novel cement lead to lower radiopacity than that of 
the VerteplexTM cement. Nevertheless, the cement was clearly visible (Figure 8C and 8E) 
allowing for highly controllable and safe cement augmentation because the apparent 
density of the gold-containing microsphere cement was approximately five-fold higher 
when compared to the density of cortical bone. These values have been reported to be 
sufficient for successful injection into the fractured vertebra under continuous fluoro-
scopic guidance during vertebroplasty [34]. Additionally, higher concentrations of gold 
may lead to unwanted images artifacts on X-ray and Computed Tomography and would 
make it impossible to visualize the trabecular structure (as is the case for the VertaPlexTM 
cement, Figure 8F). 
The limitations of the study can be summarized as follows: (1) The viscosity-versus-
mixing time profile of the experimental cement has not been characterized and opti-
mized completely; (2) Extent and pattern of extravasation of the experimental cement 
were not fully characterized; (3) Fatigue life of fractured and augmented vertebral bodies 
were not determined; (4) Effects of different concentrations of gold in the cement were 
not examined; (5) Optimal size and size-distribution of the microspheres were not de-
termined.
Regarding (4), it must be noted that increasing the gold content in the cement would 
not change the biocompatibility of the material, since the gold particles are embedded 
in the PMMA microspheres, which precludes any contact between the contrast medium 
and surrounding tissues. Furthermore, gold is noble (non-corrosive) and inert. On the 
other hand, cost is the obvious reason for keeping the gold content of the cement as low 
as possible. The optimum gold concentration still remains to be determined. Perhaps 
the most essential message emerging from this work is that tuning the X-ray contrast of 
the experimental cement is possible without running into problems of contrast leaching 
and inflammatory responses (as is the case for the BaSO4-containing counterpart cements 
for vertebroplasty). This is a significant advantage of the gold-containing cement. As in 
clinical practice, the cement injection was stopped if pending posterior extravasation 
was observed on fluoroscopy. Therefore, the fact that similar fill percentages were found 
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for both cement groups indicates comparable cement filling and low leakage rate for the 
novel gold microsphere cement. Whereas the flow characteristics of the cement dough 
appeared favorable, the rheological and hardening behavior of the newly developed 
cement for the use in vertebroplasty warrants further investigation, and the optimal 
composition of the gold microsphere cement still has to be determined. Furthermore, 
due to the high decomposition rate of the cadaveric specimens at ambient temperature, 
it was impossible to test compressive fatigue life of fractured and augmented vertebral 
bodies. Finally, we wish to point out that a possible shortcoming of our study is that we 
used VertaPlexTM rather than VertaPlex-HV as the reference material. Using VertaPlex-HV 
would have given a better match of the viscosity-versus mixing time profiles with a 
lower potential for cement extravasation during vertebroplasty.
In our opinion, a small-sized clinical pilot study would be the next step in order to 
perform an in vivo head-to-head comparison of the new gold-containing cement versus 
a commercial BaSO4-containing counterpart. Unfortunately, there is no mid-size or 
large animal model with osteoporotic vertebrae and the introduction of a compression 
fracture in an in vivo animal model would be highly unethical. Furthermore, extensive 
follow-up times would be required as the hypothesized advantage of the gold-containing 
cement (no leakage of contrast and, hence, less osteolysis) will be manifest only after 
years, and there is no reliable technique to monitor possible osteolysis around the ce-
ment in a non-invasive longitudinal manner. Moreover, studying biocompatibility of the 
new gold-containing cement in vivo, using small animal models, would merely show the 
well-known tissue reactions to PMMA cement, since the gold particles are completely 
inert, and they are not in contact with the surrounding tissues. 
The results of the current study strongly suggest that the novel gold-containing micro-
sphere cement may be an interesting modifiable alternative to the commercial PMMA 
bone cements. The gold microsphere cement featured excellent cell compatibility in 
vitro, as well as sufficient radiopacity in a realistic experimental set-up. Moreover, the ce-
ment provided mechanical stabilization and uniform filling similar to commercial bone 
cements. Further work to examine the optimal composition and the potential utility of 
the new cement is currently ongoing in our laboratories.
5. ConCluSIon
The results of the current study show that incorporation of gold particles in PMMA 
microspheres as radiopacifier improves the handling properties of the cement. In com-
parison with commercial VertaPlexTM, the experimental gold-containing microsphere 
cement is superior in terms of cytocompatibility, Moreover, the compressive properties 
of the experimental cement are in general agreement with the previously published 
literature. Cement injection into human cadaveric vertebrae with simulated compres-
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sion fractures revealed the mechanical and filling properties of the gold-containing 
microsphere cement were not compromised. The gold-containing microsphere cement 
could be an interesting alternative to the commercial bone cements in the treatment of 
vertebral compression fractures. 
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abStraCt
Loss of sagittal alignment and balance in adult spinal deformity can cause severe pain, 
disability and progressive neurological deficit. When conservative treatment has failed, 
spinal fusion using rigid instrumentation is currently the salvage treatment to stop 
further curve progression. However, fusion surgery is associated with high revision rates 
due to instrumentation failure and proximal junctional failure, especially if patients 
also suffer from osteoporosis. To address these drawbacks, a less rigid rod construct is 
proposed, which is hypothesized to provide a more gradual transition of force and load 
distribution over spinal segments in comparison to stiff titanium rods. In this study, 
the effect of variation in rod stiffness on the intradiscal pressure (IDP) of fixed spinal 
segments during flexion-compression loading was assessed. An ex vivo multisegment 
(porcine) flexion-compression spine test comparing rigid titanium rods with more flex-
ible polycarbonate-urethane (PCU) rods was used. An increase in peak IDP was found for 
both the titanium and PCU instrumentation groups as compared to the uninstrumented 
controls. The peak IDP for the spines instrumented with the PCU rods was significantly 
lower in comparison to the titanium instrumentation group. These results demonstrated 
the differences in mechanical load transfer characteristics between PCU and titanium 
rod constructs when subjected to flexion-compression loading. The concept of stabiliza-
tion with a less rigid rod may be an alternative to fusion with rigid instrumentation, 
with the aim of decreasing mechanical stress on the instrumented segments and the 
possible benefit of a decrease in the incidence of screw pullout. 
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1. IntroDuCtIon
Vertebral body wedging may be the result of an anterior vertebral compression fracture 
or gradual deformation due to creep-like mechanisms [1]. Subsequent spinal deformity is 
often progressive and wedge accumulation over multiple thoracolumbar levels may lead 
to thoracolumbar hyperkyphosis. Factors such as (asymmetric) intervertebral disc degen-
eration, reduced spinal muscle strength, and weakening of the spinal ligament support 
also contribute to progressive thoracolumbar curvature [2, 3]. Inability to compensate for 
thoracolumbar hyperkyphosis leads to global spinal sagittal malalignment, which is the 
strongest driver of pain and disability [2, 4, 5].
Operative correction is not typically recommended as the first treatment option due 
to the high prevalence of osteoporosis and other medical comorbidities in the elderly 
patient population [2, 6, 7]. Instrumented spinal fusion is regarded more as an end-stage 
salvage procedure only reserved for patients suffering from intractable pain, severe dis-
ability, significant pulmonary function impairment or progressive neurological deficit 
not amenable to conservative treatment [3, 6-9]. This implies that patients considered for 
surgery are in an advanced stage of the degenerative process, with frequently compro-
mised bone quality due to osteoporosis or osteopenia and/or severe global sagittal imbal-
ance. As a result, surgery in these patients is associated with high rates of complications, 
such as proximal junctional failure (PJF), instrumentation breakout and recurrent spinal 
deformity [6, 8, 10]. In patients older than 55 years the risk of PJF is close to 40%, and as 
many as one-third of the patients undergo early revision within one year [6].
Bone quality is an important factor that influences stability of posterior spinal 
implants. Posterior instrumentation tends to fail due to limited screw-bone interface 
fixation strength in low-density bone, resulting in screw pullout, transitional fractures 
and loosening [11, 12]. Ohtori et al. [13] found that the incidence of screw pullout in the 
osteoporotic spine after 1- or 2-level posterolateral fusion for degenerative spondylolis-
thesis ranges from 15% to 25%. Conversely, the occurrence in young patients suffering 
from Scheuermann’s disease is relatively low and ranges from 0% to 3% [14]. Mechanical 
stiffness mismatch between rigid spinal instrumentation and osteoporotic bone contrib-
utes to the increased incidence of failure in the surgical treatment of hyperkyphosis in 
the elderly [2, 6, 14, 15]. 
The concept of “semirigid” fixation has been introduced as an alternative to rigid 
metal constructs in order to minimize instrumentation related problems [14, 16-18]. 
A semirigid stabilization system would promote fusion via a balance of stability and 
intra- and inter-level load sharing [16, 19-21]. Polyetheretherketone (PEEK) rods have been 
proposed as such, as the Young’s modulus of PEEK is approximately 30-fold lower com-
pared to Titanium (3.5 vs. 115 GPa, respectively) [22, 23]. Chou et al. [23] compared a PEEK 
rods construct to a titanium rods construct and found in PEEK rods a loading pattern 
more comparable to those of the intact spine based on the biomechanical changes of 
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the disc height and IDP at both the instrumented and the adjacent levels. Moreover, rod 
stresses and bone stresses at the screw-bone interface measured by means of uniaxial 
strain gauges were reduced for the PEEK rod constructs, indicating a reduced risk of 
instrumentation failure [23]. 
Schmidt et al. [24] used finite element analysis to calculate the ideal axial and bending 
stiffness of a posterior stabilization device for different degrees of segmental stabiliza-
tion. For semirigid fixation, defined as a reduction in range of motion up to 33%, the 
ideal axial stiffness was defined as approximately 45 N/mm, calculated as: 
where l is the length, A the area and E the Young’s modulus. The ideal bending stiffness 
was defined as approximately 30 N/mm and calculated as:
where I is the second moment of area [24]. Using PEEK as a material results in substan-
tially higher stiffness values as required for semirigid fixation (axial stiffness 1386 N/
mm, bending stiffness 131 N/mm) [23, 24]. This has been confirmed by Rohlmann et 
al. [25], who showed that only very low axial stiffness (< 200 N/mm) of a posterior rod 
influences the segment kinematics. Therefore, we propose using a material with a much 
lower Young’s modulus for the early stage stabilization of (impending) thoracolumbar 
hyperkyphosis: polycarbonate-urethane (PCU). Polyurethane elastomers are typically 
composed of three reactive components: a diisocyanate, an oligomeric macromonomer 
and a chain extender [26], which can be combined in different ratios to produce polyure-
thane elastomers with vastly differing physicochemical and mechanical properties. The 
shore hardness of PCU is temperature dependent and reduces as temperature rises. The 
purpose of this study is to comparatively analyze the effect of spinal rod stiffness varia-
tion on intradiscal pressure (IDP) by means of PCU and titanium rod constructs subjected 
to dynamic flexion-compression loading. We hypothesize that a more flexible construct 
will result in reduced spinal load (intradiscal pressure). As reduced spinal load has been 
associated with reduced stresses at the screw-bone interface, the risk of instrumentation 
failure and PJF may thus potentially be reduced.
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2. matErIalS anD mEthoDS
2.1 Specimen Preparation
Twenty porcine lumbar spine specimens were obtained from a local abattoir. At time of 
slaughter, all female animals weighed between 80 and 90 kilograms (10-14 months old). 
The spines were dissected and sectioned into multi-level segments from L1 to L5. All soft 
tissue was carefully removed leaving the ligaments, intervertebral discs and facet joint 
capsules intact. Radiographs of the porcine spines were made to exclude any anatomic 
abnormalities. The porcine specimens used in the current study showed normal spine 
morphology without radiologic evidence of any spinal pathology. After preparation, the 
specimens were wrapped in saline soaked gauze, sealed in plastic bags and stored at -18°C. 
The segments were thawed in a 4°C environment to acclimate to room temperature ap-
proximately 24 hours prior to testing. The porcine cadaveric specimens underwent only 
one freeze-thaw cycle, which according to the literature has no negative effect on the 
biomechanical properties of the spine [27-29]. The upper and lower half of respectively 
vertebrae L1 and L5 were both fixed in cups fitting the test setup (Figure 1), using poly-
methylmethacrylate (PMMA, Technovit 3040, Heraeus, Hanau, Germany). Screws were 
driven into the endplates of the cranial (L1) and caudal (L5) vertebrae to improve fixation 
between the PMMA and the vertebrae. 
Figure 1. Schematic of the custom designed flexion-compression test set-up. 
The lower metal cup was firmly attached to the materials testing machine. The spinal segment was 
fixated by means of PMMA to the lower and upper metal cup. A roller was mounted on the verti-
cal actuator of the materials testing machine and was forced to traverse the slot in the upper cup 
introducing a flexion movement of the spine. A counter balance mechanism was applied to return 
the spinal segment to its neutral position.
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2.2 Specimen Instrumentation
Four different groups were tested: (1) uninstrumented spines (n=5), pedicle screw in-
strumentation with (2) titanium rod fixation (n=5), (3) PCU (Bionate®, DSM Biomedical, 
Geleen, the Netherlands) shore hardness 75D rod fixation (n=5), and (4) PCU shore Hard-
ness 65D rod fixation (n=5). The Young’s modulus of the different rods was 115,000 N/
mm2 for the titanium rods, 188 N/mm2 for the 75D PCU rods and 120 N/mm2 for the 65 
PCU rods at 37°C. The PCU rods were rehydrated in a saline bath at 37°C for at least 48 
hours prior to implantation. Posterior instrumentation spanning three motion segments 
was applied to fifteen fresh porcine spinal segments (L2, L3 and L4) by use of standard 
surgical technique. Six mono-axial titanium alloy pedicle screws (30-mm length, 5.5-mm 
diameter, Medtronic Inc., Minneapolis, MN) were inserted transpedicularly without wall 
breach under fluoroscopic guidance. Plain anteroposterior and lateral radiographs were 
taken to confirm correct placement of the pedicle screws and to exclude bone abnormali-
ties. Screw-rod instrumentation was applied to the L2 to L4 segment consisting of the 
aforementioned six pedicle screws and either the PCU or titanium alloy rods, all 120 mm 
in length and 5.5 mm in diameter. The use of PCU rods with these dimensions allowed 
for a fundamental comparison. Table 1 shows an overview of the material properties for 
the different rods used, including the length, diameter, Young’s modulus, axial stiffness 
and bending stiffness.
2.3 mechanical testing
A combined flexion-compression load was applied to the spinal segments by means of 
an eccentric force [30]. The tests were conducted in a custom designed test setup placed 
in a saline bath at 37°C in order to mimic body temperature and to account for the 
temperature dependent material properties of the PCU rod (Figure 1). The lower metal 
cup was firmly attached to the materials testing machine (Zwick/Roell, ZMART PRO) after 
fixation of the spinal segment in PMMA. A roller was mounted on the vertical actuator 
of the materials testing machine containing a load cell. When the load was applied, the 
roller was forced to traverse the slot in the upper cup in the anterior-posterior direction, 
thereby preventing out-of-plane bending. A counter balance mechanism was applied in 
order to return the spinal segment to its neutral position. The vertical actuator applied 
a 115 N load, 65-mm anterior to the midpoint of the L1 vertebral body, without preload, 
Table 1. Overview of the material properties of the rods (mean + standard deviation).
 
Length 
(cm)
Diameter 
(mm)
Young’s modulus 
(N/mm2)
Axial stiffness  
(N/mm)
Bending stiffness 
(N/mm)
Titanium 12 5.5 115,000 22,768 1076
PCU 75D 12 5.5 188 + 30 37 2
PCU 65D 12 5.5 120 + 20 24 1
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creating flexion combined with axial compression of the specimen [27]. The load was 
applied with a vertical actuator speed of 400-mm/min for a total of 3.000 cycles.
2.4 Intradiscal Pressure measurements 
A 1.3-mm diameter pressure transducer (8CT/4F/SS/HP, Gaeltec Ltd, linearity error < 1 + 
1%) was used to measure IDP. The annulus was punctured using an 18 gauge needle, and 
the transducer was inserted into the L2-L3 disc before testing. Continuous measurement 
was performed.
During loading of the spinal segment, IDP was measured and the average results 
were calculated after 0, 100, 250, 500, 1.000, 1.500, 2.000, 2.500, and 3.000 loading cycles, 
respectively. 
2.5 Statistical analysis
Statistical analysis was performed on IDP data using SPSS version 20 for Windows (SPSS, 
Inc., Chicago, IL). Mean data obtained during sagittal plane testing were compared 
between intact and different instrumented testing using a Mann-Whitney U test (signifi-
cance level at p<0.05). Since this study is a concept study a post-hoc power analysis was 
performed. 
3. rESultS
Stabilization of the viscoelastic response of the spines occurred after approximately 
1,500 cycles of loading for all testing conditions (Figure 2). Peak IDP at the L2-L3 level for 
all groups is shown in Table 2 and Figure 2. 
The initial peak IDP, at 0 cycles, increased in the presence of instrumentation. The 
greatest significant increase in initial IDP as compared to the uninstrumented spines, 
was found in the titanium instrumented group (1.33 vs. 0.81 MPa, p=0.009). This was not 
the case for the 75D and 65D PCU instrumented spines (0.86 and 0.59 MPa respectively 
vs. 0.81 MPa, p>0.05). The uninstrumented and PCU instrumented spines consistently 
produced significantly lower IDPs throughout the test compared to the titanium instru-
mented spines (p<0.05). After 500 cycles the peak IDP also increased significantly for 
the 75D PCU instrumented spines in comparison to the uninstrumented spines (p<0.05).
After 3,000 cycles the IDP for spines instrumented with a titanium rod was significantly 
higher than that of all other groups (p=0.009). For the spines instrumented with a 75D 
PCU rod the IDP after 3,000 cycles was significantly higher in comparison to the spines 
instrumented with a 65D PCU rod or the uninstrumented spines (0.54 vs. 0.33 and 0.30 
respectively, p=0.009). There was no significant difference in IDP between the 65D PCU 
rod and the uninstrumented spines at 3,000 loading cycles (p=0.347). 
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The results of the post-hoc power analysis indicated that the sample size of five spines 
per group is sufficient to find a significant difference between the different groups. 
Therefore the chosen sample size was determined to be adequate considering the objec-
tive of the concept study and the consistency in the biomechanical output.
Figure 2. Mean L2-L3 intradiscal pressures (IDP) within instrumented segments L2-L3. 
The error bars represent the mean + standard deviation of 5 independent measurements for all 
three instrumented groups and the uninstrumented control group.
Table 2. Summary of the intradiscal pressure results in MPa (mean + standard deviation) for the 
uninstrumented lumbar spines and the groups with titanium or PCU 65D and 75D instrumentation, 
respectively. 
Group
Number of loading cycles
0 500 1000 1500 2000 2500 3000
Control (n=5) 0.81 + 0.25 0.36 + 0.10 0.31 + 0.08 0.30 + 0.08 0.30 + 0.07 0.30 + 0.06 0.30 + 0.06
Titanium (n=5) 1.33 + 0.20* 0.90 + 0.02* 0.83 + 0.04* 0.80 + 0.06* 0.79 + 0.06* 0.79 + 0.06* 0.78 + 0.06*
PCU 75D (n=5) 0.86 + 0.17 0.61 + 0.09** 0.56 + 0.07** 0.55 + 0.08** 0.54 + 0.07** 0.54 + 0.06** 0.54 + 0.05**
PCU 65D (n=5) 0.59 + 0.16 0.42 + 0.09 0.38 + 0.08 0.35 + 0.05 0.33 + 0.06 0.33 + 0.06 0.33 + 0.04
The * represents the significant difference between the titanium instrumented spines and the un-
instrumented and PCU instrumented spines (p=0.009). The ** represents the significant difference 
between the 75D PCU instrumented spines and the spines instrumented with a 65D PCU rod or the 
uninstrumented spines (p<0.05).
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4. DISCuSSIon
Spinal fusion using long segment rigid instrumentation is currently the only surgical 
treatment to correct or stop curve progression in patients suffering from severe thora-
columbar hyperkyphosis [2, 3, 7]. Instrumentation failure or transitional fractures often 
occur as a result of diminished bone quality or sagittal imbalance of the patient, which 
leads to high rates of revision surgery [6, 8, 14]. Some of these complications can be 
attributed to high device stiffness. In this study, we assessed a conceptually new rod 
construct comprised of PCU with lower axial stiffness. The purpose was to obtain more 
fundamental insight into the effect of spinal rod stiffness variation on mechanical load 
transfer in the spine using PCU and titanium rods during cyclic flexion- compression 
loading. 
The PCU rods construct demonstrated more comparable intradiscal pressure (IDP) 
outcomes to those of the intact spine when compared with the titanium rods construct, 
indicating a more physiological load distribution. The IDP, a direct measurement of 
mechanical load transfer through the anterior spinal column, is dependent on the range 
of motion of the spine [40]. The use of posterior instrumentation causes the center of 
rotation to move posteriorly beyond the posterior vertebral body line and superiorly into 
the disc space [21]. This posterior shift of the center of rotation causes axial compression 
and a higher loading of the intervertebral disc during flexion (i.e. higher IDP) [20, 31, 32]. 
Schilling et al. [20] studied the influence of design parameters of different pedicle screw 
based motion preservation systems on load transfer within the intervertebral disc and 
concluded that implant axial stiffness was the most important parameter. In their in vitro 
study low axial stiffness resulted in a lower amount of stabilization in the sagittal plane 
in comparison to stabilization provided by instrumentation with high axial stiffness [20]. 
This has been confirmed by Jahng et al. [21], whose finite element model showed that the 
shift in center of rotation differs according to the design and properties of the materials 
used for pedicle-based dynamic stabilization systems. The more rigid the pedicle-based 
dynamic stabilization device, the more the instantaneous center of rotation is shifted 
posteriorly and thus the nucleus pulposus is subjected to higher compressive loads. The 
interdependency between the axial stiffness of a posterior device on the amount of load 
transfer in the intervertebral disc is also confirmed by the significant difference in peak 
IDP between the 75D and 65D PCU instrumented groups in the current study. The axial 
stiffness of the 5.5-mm diameter rods used in the current study was calculated to be 
22,768 N/mm for titanium rods, 37 N/mm for 75D PCU rods and 24 N/mm for 65D PCU 
rods at 37°C according to equation 1. The axial stiffnesses of the PCU rods are within 
the range of a semirigid implant defined by Schmidt et al. [26]. It is therefore expected 
that both PCU rods will reduce the spinal flexibility (range of motion) up to only 33% 
compared to the non-fixated situation, whereas the rigid titanium rod will provide a 
maximum reduction in spinal flexibility of 66% compared to the non-fixated situation. 
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These results indicate that when using spinal implants with low stiffness there is still 
some degree of stabilization of the spine combined with a loading pattern more compa-
rable with the intact, uninstrumented spine.
The bending stiffness of the rods used in the current study, as calculated according to 
equation 2, are approximately 1076 N/mm for titanium rods, 2 N/mm for 75D PCU rods 
and 1 N/mm for 65D PCU rods at 37°C. The bending stiffness of the PCU rods, in contrast 
to the axial stiffness, are outside the range of a semirigid rod as defined by Schmidt et 
al., being approximately 15 to 30 times lower [24]. In flexion and extension the effect 
of bending stiffness on the segmental stabilization is negligible, however, it is of high 
importance in lateral bending and axial rotation. According to the beam theory derived 
by Euler and Bernoulli, low bending stiffness increases the risk of buckling when an 
axial force is applied, since the critical force needed for buckling is proportional to the 
moment of inertia and the modulus of elasticity. By altering the geometry and/or elastic-
ity of the rod the risk of buckling might be decreased. The PCU rods used in this study 
served the sole purpose of providing more fundamental insight on the effect of rod stiff-
ness variation on the IDP. It still remains unclear which exact axial and bending stiffness 
and rod geometry will prove to be the most successful for less rigid stabilization with 
the optimal balance between attained correction and a minimal raise in load transfer 
through the instrumented spinal segments in patients suffering from thoracolumbar 
hyperkyphosis [20, 24]. 
Chou et al. [23], compared the effect of PEEK versus titanium rod constructs on the disc 
height and IDP in the instrumented and adjacent levels after fatigue loading. A reduction 
of load transfer at the instrumented level subsequently resulted in an increased loading 
through the adjacent levels in titanium instrumented spines. PEEK rods were found to 
have a better capacity to reduce the non-physiological loadings at the cranial and caudal 
levels leading to a lower incidence of adjacent level failure [23]. The PCU rods used in 
the current study showed a comparable biomechanical pattern to the PEEK rods used 
by Chou et al. [23], and sustained a loading pattern more consistent with the uninstru-
mented spinal segment test group. This is of high clinical importance since pressures 
within normal physiological range are critical in providing a suitable environment to 
prevent instrument failure or proximal junctional failure (PJF) [33]. Based on the results 
of the current study it is expected that less rigid rods will allow better load sharing 
among spinal components leading to less junctional segment failure.
Mechanical stiffness mismatch between rigid spinal instrumentation and low mineral 
density bone has been suggested to contribute to high failure rates [8, 10, 12].One of the 
goals of a more flexible rod is minimizing load transfer and subsequent stresses at the 
bone-screw interface. A similar pattern as found by Chou et al. [23], who confirmed that 
the stress on PEEK rods and the bone stresses near the bone-screw interface were sig-
nificantly lower compared to titanium, is expected to apply for PCU rods [34]. However, 
Galbusera et al. [35] described a tendency to high screw loosening rates after stabilization 
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with a less rigid rod in their literature review based on a study of Schatzker et al. [34]. 
This was explained by the absence of bony fusion leading to micromotion and forma-
tion of fibrous tissue around the screws [35, 36]. In our opinion, in order to circumvent 
this problem, screw augmentation with bone cement or fixation with laminar wires 
instead of pedicle screws could be used in conjunction with the less rigid PCU rods in the 
osteoporotic patient population [35, 37]. 
The present study has some limitations. First, only flexion-compression loading was 
tested in this study. This is due to the fact that hyperkyphosis is a single plane deformity 
in which the flexion movement of the spine is affected the most. In future research, a 
more advanced spinal loading simulator should be used which is capable of simulating 
flexion/extension moments, lateral bending moments and axial rotation [27]. Second, 
the global range of motion was not measured, which made analysis of standard moment-
rotation curves not possible [38]. The IDP provides a direct measurement of mechanical 
load transfer in the spine. Therefore, measurement of the full range of motion would be 
better to quantify the acute stabilization effects of posterior pedicle screw instrumenta-
tion in comparison to the uninstrumented spine. Third, the effect of rod stiffness varia-
tion on mechanical load transfer in the adjacent discs and stresses on the bone-screw 
interface were not assessed. Fourth, the inherent motion properties of the specimen 
were not measured before testing the stabilizing capacities of the implant systems. For 
future research this is necessary in order to assure that mechanically defective specimens 
are excluded and to provide an individual basis for normalization [27]. Fifth, the effect 
of stress relaxation and creep of the polymer components was not assessed. To this end, 
at least 180,000 cycles, representative for six weeks in vivo human movement, should 
be carried out [39]. In our study long-term cycling was impossible to test due to the high 
decomposition rate of the cadaveric specimens at 37°C. However, Bionate® II PCU is cur-
rently being used in a wide range of applications, including neurostimulation, vascular, 
artificial heart, and in various orthopedic applications. It is one of the most extensively 
tested families of biomedical polymers and is backed by a comprehensive FDA master 
file. Bionate® II PCU is proven to be biostable and biocompatible. At last, quadrupeds have 
often been used for spinal research [40]. The porcine spine has, in specific situations, 
proven to be the most representative biomechanical model for the human spine [41, 42]. 
When spinal instrumentation is tested in the porcine, some general differences need to 
be kept in mind. The axial compression stress in quadrupeds is higher, which leads to 
higher bone mineral densities in the vertebrae. Due to the higher bone mineral density, 
the porcine bone is harder compared to the human osteoporotic bone. This results in 
a higher fixation strength for pedicle screws inserted into porcine vertebrae [40]. The 
porcine spine shows a less pronounced thoracic kyphosis and lumbar lordosis, compared 
to the human spine [42]. Moreover, the lumbar porcine spine is slightly kyphotic. The 
range of motion, particularly in flexion/extension, is over all levels much smaller com-
pared to the human range of motion [43]. This is mainly due to the different orientation 
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of the facet joints. The facet joint surfaces of the porcine spine are oriented at an angle 
of less than 30 degrees relative to the frontal plane compared to an angle of more than 
60 degrees in the human spine [41, 42, 44]. Thoracolumbar hyperkyphosis mainly affects 
the thoracolumbar part of the human spine. However, the porcine thoracic region is not 
comparable to the human thoracic region due to differences in anatomical dimensions, 
facet joint orientation and length of spinous process. In the porcine, the anterioposterior 
vertebral depth and vertebral body width are smaller compared to the respective human 
dimensions. Dath et al. described the measurements for the width and depth of the 
lumbar porcine vertebrae being approximately 35 mm and 25 mm, respectively [45]. 
These values are comparable with the human thoracic vertebrae (width T7-T10 29-35 mm, 
depth 28-32 mm) as described by Bozkus et al. [46]. Therefore, in absolute values, the size 
of the vertebrae are more comparable in the lumbar region of the porcine [42, 47]. The 
length of the spinous process is in the thoracic region of the porcine spine two to three 
times longer than the spinous process in the human spine [42]. In order to answer our 
specific research question, we considered the lumbar porcine spine suitable to predict 
the behaviour of the human spine. Most importantly, in the current study the effect 
of variation in rod stiffness on the intradiscal pressure of instrumented segments was 
assessed in a uniform, homogeneous spine model providing comparable biomechanical 
properties and geometry for each spine used.
The results of the current study suggest that dynamic fixation might lead to a decreased 
load on the bone screw interface, which may prevent instrumentation- and adjacent 
segment failure in the surgical treatment of degenerative spinal deformity. Further work 
to objectively compare pedicle screw pullout in rigid constructs and PCU constructs is 
currently ongoing in our laboratories.
5. ConCluSIon
In this concept study, the effect of spinal rod stiffness variation of a posterior stabiliza-
tion device on the intradiscal pressure during cyclic flexion-compression loading condi-
tions was assessed. Low implant stiffness was found to generate lower IDP, representing 
a more physiological loading pattern in comparison to high implant stiffness. Since a 
reduced spinal load has been associated with decreased stress at the screw-bone inter-
face, the risk of instrumentation failure and PJF may potentially be reduced when using 
a stabilization device with lower implant stiffness. However, the optimal rod stiffness, 
achieving a predefined stabilization of the spine, remains unknown and requires further 
investigation. 
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abStraCt
Background context – Degenerative lumbar scoliosis (DLS) is an increasingly common 
spinal disorder of which current management is characterized by a substantial variety 
in treatment advice. To improve evidence-based clinical decision-making and increase 
uniformity and transparency of care, the Scoliosis Research Society established ap-
propriateness criteria for surgery for DLS. In these criteria, however, the patient 
perspective was not formally incorporated. Since patient perspective is an increasingly 
important consideration in informed decision-making, embedding Patient-Reported 
Outcome Measures (PROMs) in the appropriateness criteria would allow for an objective 
and transparent patient-centered approach.
Purpose – To evaluate the extent that patient perspective is integrated into the appropri-
ateness criteria of surgery for DLS.
Study design – Single center, retrospective, cohort study.
Patient sample – 150 patients with symptomatic degenerative lumbar scoliosis.
Outcome measures – The association between appropriateness for surgery and various 
PROMs [Visual Analogue Scale for pain, Short Form 36 (SF-36), Pain Catastrophizing 
Scale (PCS), Hospital Anxiety Depression Scale (HADS), and Oswestry Disability Index 
(ODI)].
Methods – Medical records of all patients with symptomatic DLS were reviewed and 
scored according to the appropriateness criteria. To assess the association between the 
appropriateness criteria and the validated PROMs, analysis of variance was used to test 
for differences in PROMS for each of the three categories resulting from the appro-
priateness criteria. To assess how well PROMs can discriminate between appropriate 
and inappropriate, we used a logistic regression analysis. Discriminative ability was 
subsequently determined by computing the area under the curve (AUC), resulting from 
the logistic regression analysis. Spearman rank analysis was used to establish a correla-
tion pattern between the PROMs used and the appropriateness criteria.
Results – There was a significant association between the appropriateness of surgery 
and the PROMs. The discriminative ability for appropriateness of surgery for PROMs as 
a group was strong (AUC of 0.83). However, when considered in isolation, the predictive 
power of any individual PROMs was poor. The different categories of the appropriate-
ness criteria significantly coincided with the PROMs used.
Conclusion – There is a statistically significant association between the appropriateness 
criteria of surgery for DLS and PROMs. Implementation of PROMs into the appropriate-
ness criteria may lead to more transparent, quantifiable and uniform clinical decision-
making for DLS.
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1. IntroDuCtIon
The current management of de novo degenerative lumbar scoliosis (DLS) is characterized 
by a substantial variety of treatment options reflecting the absence of a clear, evidence-
based, widespread stepwise approach [1]. Nonoperative treatment includes physical 
conditioning and exercise, pharmacological agents for pain control, use of orthotics, 
and pain interventions like epidural and facet injections [1-3]. Operative treatment can 
include instrumented stabilization and correction with posterior or anterior fusion, 
neurological decompression, or a combination of these [1, 3]. Satisfactory clinical results 
of operative interventions have been reported [4-6]. However, the overall rate of compli-
cations for such major invasive surgery in predominantly elderly patients can exceed 30 
percent [4]. 
To improve evidence-based clinical decision-making as well as increase uniformity, 
transparency, consistency and quality of care, the Scoliosis Research Society (SRS) as-
sessed the appropriateness of surgery for DLS patients with specific clinical character-
istics using the RAND/UCLA Appropriateness Method [1, 7-9]. Appropriateness criteria 
are quantitative tools designed to guide decision-making for well-defined populations 
of patients based on a combination of the best available evidence and multidisciplinary 
expert opinion [1, 7]. The aim of this method is to determine whether surgery for a par-
ticular patient is appropriate or not. When expected harms outweigh expected benefits, 
the procedure would be considered inappropriate [1].
Patient Reported Outcome Measures (PROMs) are now widely used in clinical practice 
to narrow the gap between the clinician’s and patient’s view of what constitutes a clini-
cally meaningful improvement and to help tailor treatment plans to meet the patient’s 
preferences and needs. PROMs quantify patients’ perspectives on the severity of their 
symptoms, the impact of the disease on their functioning, and the degree to which it 
limits their health-related quality of life [10]. In the SRS appropriateness criteria for DLS 
the patient perspective has not been formally incorporated [1]. The degree of symptoms 
in the appropriateness criteria is currently based on the patient’s reported symptoms as 
they are perceived during outpatient assessment by the treating surgeon and is thereby 
susceptible for interpretation. Because patient perspective is an increasingly important 
consideration in informed decision-making, embedding PROMs into the appropriateness 
criteria for DLS would allow for a more quantifiable and transparent patient-centered 
approach in clinical decision-making.
The purpose of this study was to evaluate whether there is an association between the 
appropriateness criteria for degenerative lumbar scoliosis and the patient perspective as 
determined by validated health-related quality of life (HRQOL) instruments or PROMs. 
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2. matErIalS anD mEthoDS
For this retrospective study, the medical records of all consecutive DLS patients who had 
been treated at the multidisciplinary spine center of the Maastricht University Medi-
cal Centre (the Netherlands) between January 1, 2011 through December 31, 2017 were 
analyzed. Institutional review board (IRB) approval was obtained before study initiation 
(METC17-4-022). We included adult patients with de novo DLS with a Cobb angle of more 
than 10 degrees in the coronal plane, available Patient Reported Outcome Measures 
(PROMs), and available standing two direction full spine or lumbar spine plain radio-
graphs [2, 3]. Patients were excluded if they were suffering from idiopathic adolescent 
scoliosis or neuromuscular or congenital scoliosis, had undergone previous corrective 
spinal surgery and fusion, or complete data was unavailable. 
For each patient, medical records and radiographs were reviewed and scored ac-
cording to the SRS appropriateness criteria [1], which is comprised of seven clinical or 
radiographic characteristics: (1) severity of self-reported symptoms, (2) severity of central 
spinal or foraminal stenosis, (3) progression of the degree of curvature or certain other 
radiographic abnormalities, (4) presence of sagittal imbalance, (5) severity of risk fac-
tors for suboptimal outcomes, (6) degree of curvature, and (7) when applicable, number 
of levels with at least moderate central spinal or foraminal stenosis. For the category 
“progression”, plain radiographs at various time points were assessed (at least 3 months 
apart). However, in a few cases, radiographs were only available for one time point in 
which case “no progression” was scored (in accordance with the appropriateness criteria 
[1]). Based on the appropriateness criteria for each patient it was determined whether or 
not surgery would have been inappropriate, appropriate or necessary. To assess agree-
ment between raters (inter-observer reliability), a random sample of 26 patients was 
reviewed and scored by two different raters (E.J. a resident orthopedic surgery and P.W. 
an orthopedic surgeon with 15 years of experience in spine surgery).
Clinical patient analysis was based on standard PROMs which were collected in 
standard care at the same day of radiographic acquisition and included the following 
instruments: visual analogue scale (VAS) for back and leg pain, Short Form 36 (SF-36), 
Pain Catastrophizing Scale (PCS), Hospital Anxiety Depression Scale (HADS), and, for the 
majority of patients, the Oswestry Disability Index (ODI). While higher scores on the 
VAS, PCS, HADS and ODI represent increasing pain and disability, the inverse holds true 
for the SF-36 instrument, in which higher scores reflect less disability or pain. 
2.1 Statistical analysis
We had no prior hypotheses on the strength of the associations between PROMs and the 
appropriateness criteria. Therefore, no formal sample size calculation was performed 
based on the preferred power to detect such an association. We included all evaluable 
patients treated within the selected period of time and judged appropriateness of the 
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size of our cohort using general recommendations for ANOVA and (logistic) regression 
(i.e., 10 observations per variable for continuous outcomes, 10 events per variable for 
dichotomous outcomes). With these in mind, 150 subjects would provide ample preci-
sion to reliably estimate the suggested associations.
Baseline characteristics of the patients were described using mean and standard devia-
tion (SD) for continuous variables and as count and percentage for categorical variables. 
Subsequently, ordinal logistic regression analysis was used to determine which of the 
variables of the appropriateness criteria (i.e. degree of symptoms, degrees of the curve) 
was most associated with the outcome (inappropriate, appropriate or necessary). 
To assess inter-observer agreement on the scoring of medical records and radiographs, 
we computed overall agreement and Cohen’s Kappa coefficient to correct for chance 
agreement.
To assess the association between the outcome of the appropriateness criteria and 
the patient perspective, analysis of variance (ANOVA) was used to test for differences 
in PROMs for each of the three categories resulting from the appropriateness criteria 
(i.e. inappropriate, appropriate, necessary). In case of severe non-normality, we used the 
Kruskal-Wallis test. Subsequently, the appropriateness criteria were dichotomized into 
two categories: appropriate (including both appropriate and necessary) and inappropri-
ate. To assess how well PROMs can discriminate between appropriate and inappropriate, 
we used logistic regression analysis. Discriminative ability was subsequently determined 
by computing the area under the Receiver Operating Characteristic (ROC) curve, or AUC, 
resulting from the logistic regression analysis.
Correlations between the various PROMs and the separate variables contributing to 
the appropriateness criteria were estimated using the Spearman rank order correlation 
coefficient. All analyses were performed using R version 3.5.1.
3. rESultS
Medical records of 195 patients were reviewed and a total of 150 lumbar degenerative 
deformity patients met the inclusion criteria and were included for analysis. The study 
group consisted of 28 men and 122 women, and the average age of the study sample was 
67.1 years (SD = 9.37, range 42 to 89 years). The mean Cobb angle was 29.6 degrees (SD = 
11.3, range 11 to 64 degrees). The distribution of patients according to the appropriate-
ness criteria is shown in Table 1. 
According to the appropriateness criteria, surgery was inappropriate for 60 patients 
(mean Cobb angle 22.4+8.7 degrees), appropriate for 49 patients (mean Cobb angle 32+10 
degrees) and necessary for 41 patients (mean Cobb angle 37.3+10 degrees). Ordinal logis-
tic regression results showed that the appropriateness of surgery is most significantly 
dependent on the degree of symptoms, imbalance and magnitude of curvature (Table 2).
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Table 1. The distribution of patients according to the appropriateness criteria as defined by the 
Scoliosis Research Society (data shown as number of patients [percentage of total]) [4]. See http://
links.lww.com/BRS/B79 for definitions. 
 Inappropriate Appropriate Necessary Total
Degree of symptoms
None 0 (0) 2 (1) 0 (0) 2 (1)
Mild 55 (37) 14 (9) 0 (0) 69 (46)
Moderate 5 (3) 33 (22) 35 (23) 73 (49)
Severe 0 (0) 0 (0) 6 (4) 6 (4)
Degree of stenosis
None 32 (21) 17 (11) 6 (4) 55 (37)
Mild 26 (17) 15 (10) 14 (9) 55 (37)
Moderate 2 (1) 17 (11) 20 (13) 39 (26)
Severe 0 (0) 0 (0) 1 (1) 1 (1)
Progression
No 60 (40) 48 (32) 41 (27) 149 (99)
Yes 0 (0) 1 (1) 0 (0) 1 (1)
Imbalance
No 58 (39) 24 (16) 2 (1) 84 (56)
Yes 2 (1) 25 (17) 39 (26) 66 (44)
Risk factors
None to mild 28 (19) 20 (13) 16 (11) 64 (43)
Moderate 28 (19) 26 (17) 23 (15) 77 (51)
Severe 4 (3) 3 (2) 2 (1) 9 (6)
Curvature
Mild (10-19°) 27 (18) 5 (3) 0 (0) 32 (21)
Moderate (20-29°) 24 (16) 10 (7) 8 (5) 42 (28)
Moderate (30-39°) 7 (5) 25 (17) 17 (11) 49 (33)
Severe (> 40°) 2 (1) 9 (6) 16 (11) 27 (18)
TOTAL 60 (40) 49 (33) 41 (27) 150 (100)
Table 2. Outcome of the ordinal logistic regression analysis, regressing the appropriateness of sur-
gery against the various variables of the appropriateness criteria.
 Coefficient Standard error T-value P-value
Degree of symptoms 8.00 1.85 4.33 0.00*
Degree of stenosis 2.65 0.83 3.18 0.00*
Progression 6.36 13.79 0.46 0.65
Imbalance 9.66 2.04 4.74 0.00*
Risk factors -3.37 1.12 -3.00 0.00*
Curvature 2.34 0.68 3.44 0.00*
Constant 
Inappropriate vs appropriate 43.31 16.48 2.63 0.01
Appropriate vs necessary 55.17 18.02 3.06 0.00
Ordinal logistic regression analysis demonstrated that appropriateness for surgery is most signifi-
cantly dependent on the degree of symptoms, imbalance and curvature.
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The absolute inter-observer agreement between the two raters of the medical records 
and radiographs to determine the appropriateness category was 92.3%. Adjusted for 
chance-agreement, the Kappa coefficient was 0.88 on a scale from 0 to 1 (p < 0.001). The 
high Kappa score indicated that there was high consensus in the ratings given by the 
two raters.
Table 3 shows results of the ANOVA and in case of skewed variables Kruskal-Wallis 
statistics. It revealed a significant association between the appropriateness of surgery 
and virtually all PROMs (VAS, PCS, HADS, ODI). Only three domains of the SF-36 (energy, 
role limitations physical and emotional) showed no significant association with the ap-
propriateness of surgery. 
Table 3. Association between the outcome of the appropriateness criteria and the PROMs (data 
shown as mean / median [range]). 
 Inappropriate Appropriate Necessary
P-value
for difference
VAS
Right leg 27 / 10 [0-100] 35 / 20 [0-100] 45 / 50 [0-100] 0.01
Left leg 20 / 0 [0-100] 31 / 20 [0-100] 45 / 50 [0-100] 0.00
Spine 58 / 60 [0-100] 61 / 65 [0-100] 74 / 75 [30-100] 0.00
SF-36
Physical functioning* 44 / 45 [0-90] 36 / 30 [0-100] 24 / 20 [0-75] 0.00
Social functioning* 60 / 63 [0-100] 60 / 63 [13-100] 42 / 50 [0-88] 0.00
Role limitations (physical)* 27 / 0 [0-100] 23 / 0 [0-100] 15 / 0 [0-100] 0.17
Role limitations (emotional)* 62 / 67 [0-100] 50 / 33 [0-100] 45 / 33 [0-100] 0.09
Emotional well-being* 71 / 76 [4-92] 65 / 68 [12-96] 62 / 64 [16-100] 0.03
Energy (fatigue) 49 / 50 [0-85] 47 / 50 [10-85] 43 / 45 [10-85] 0.08
Pain 41 / 45 [0-80] 36 / 45 [0-88] 28 / 22 [0-100] 0.00
General health 51 / 53 [10-90] 50 / 50 [5-80] 42 / 40 [0-75] 0.01
Health change* 22 / 25 [0-75] 31 / 25 [0-50] 21 / 25 [0-50] 0.01
PCS 19 / 17 [0-52] 25 / 25 [1-52] 27 / 26 [3-48] 0.00
HADS
Anxiety* 5 / 5 [0-19] 7 / 6 [1-16] 8 / 8 [0-17] 0.02
Depression* 5 / 4 [0-17] 6 / 6 [0-18] 8 / 7 [1-17] 0.01
ODI 33 / 32 [6-66] 41 / 44 [0-70] 51 / 51 [30-72] 0.00
VAS indicates Visual Analogue Scale; SF-36: Short Form 36, PCS: Pain Catastrophizing Scale; HADS: 
Hospital Anxiety Depression Scale; ODI: Oswestry Disability Index. *Because of skewness of the data 
the Kruskal-Wallis test was used.
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The ability of PROMs to discriminate between those for whom surgery would be deemed 
inappropriate according to the criteria and those for whom surgery would be deemed 
appropriate or necessary was expressed as the AUC. The AUC for the combined VAS 
scores (i.e. VAS right leg, left leg, and spine), was 0.69 (95% confidence interval [CI]: 0.60 
– 0.77), for the SF-36 domains 0.70 (95% CI: 0.61 – 0.79), for PCS 0.67 (95% CI: 0.57 – 0.76), 
for the combined HADS domains 0.65 (95% CI: 0.56 – 0.74), and for the ODI 0.73 (95% CI: 
0.61 – 0.85). For a model combining all PROMs, the AUC was 0.83 (95% CI: 0.71 – 0.95).
Table 4. Spearman rank order correlation coefficient analysis for the various components of the 
appropriateness criteria and the different PROMs (analysis based on aggregate data). 
 
VAS 
spine
VAS 
left leg
VAS 
right leg PCS
HADS 
anxiety
HADS 
depression ODI
Symptoms 0.43* 0.21* 0.22* 0.34* 0.27* 0.32* 0.48*
Degree of stenosis 0.11 0.56* 0.60* 0.24* 0.15 0.19** 0.29*
Progression -0.09 0.00 0.02 -0.07 -0.11 -0.08 NA
Imbalance 0.13 0.07 -0.04 0.21** 0.14 0.18** 0.35*
Risk factors 0.24* 0.03 0.03 0.20** 0.18** 0.27* 0.28**
Curvature 0.07 0.11 0.02 0.13 0.10 0.10 0.18
Levels 0.18** 0.28* 0.36* 0.23** 0.13 0.17** 0.18
* indicate p < 0.01,** indicate p < 0.05.
Table 5. Spearman rank order correlation coefficient analysis for the various components of the 
appropriateness criteria and the Short-From 36 (analysis based on aggregate data). 
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Degree of symptoms -0.47* -0.36* -0.23* -0.22* -0.23* -0.3* -0.39* -0.28* -0.20
Degree of stenosis -0.21* -0.24* -0.20 -0.16 -0.23* -0.14 -0.37* -0.19 -0.12
Progression 0.06 0.13 0.06 -0.10 0.06 0.11 0.11 0.11 -0.02
Imbalance -0.22* -0.12 -0.05 -0.12 -0.14 -0.08 -0.08 -0.15 -0.09
Risk factors -0.31* -0.17 -0.1 -0.21* -0.2 -0.13 -0.11 -0.18 -0.05
Curvature 0.00 -0.02 -0.04 -0.08 -0.10 0.02 -0.02 -0.05 -0.09
Levels -0.25* -0.2 -0.17 -0.10 -0.17 -0.17 -0.26* -0.14 -0.04
* indicate p < 0.01.
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As demonstrated in Table 4 to 6, the Spearman rank order correlation coefficients 
showed a statistically significant correlation between the degree of symptoms and each 
PROM (p < 0.01). Another statistically significant positive correlation was found between 
the VAS leg scores (left and right) and the degree of stenosis (ρ 0.56 (VAS left leg), ρ 0.60 
(VAS right leg), p < 0.01). Moreover, the Spearman rank order correlation coefficients also 
demonstrated a statistically significant correlation between the appropriateness criteria 
and adverse health status score for all domains of the SF-36 score (p < 0.01) (Table 5) and a 
statistically significant positive correlation with the PCS score (p < 0.01), the HADS scores 
(p < 0.01) and the ODI questionnaires (p < 0.01) (Table 4). 
4. DISCuSSIon
In the current study, a statistically significant association between the appropriateness 
of surgery for DLS and validated Patient Reported Outcome Measures (PROMs) was 
found. Patients for whom surgery was deemed necessary showed a higher degree of pain 
and disability, whereas the inverse holds true for patients for whom surgery would have 
been inappropriate. The appropriateness criteria for DLS as developed by the Scoliosis 
Research Society represent a significant step towards evidence based uniform treatment 
in spinal surgery [1]. However, as stated by Glassman et al. [7], it is important to recognize 
the appropriateness criteria of surgery for DLS are a starting point, not an end point. 
Table 6. Association between the various subcategories as defined by the appropriateness criteria 
and their “matching” PROMs (data shown as mean / median [range]). 
Degree of symptoms None Mild Moderate Severe P-value
VAS spine 20 / 20 [0-40] 53 / 50 [0-100] 73 / 75 [0-100] 79 / 78 [70-100] 0.00
SF-36 phys. functioning 65 / 65 [50-80] 48 / 45 [0-100] 25 / 20 [0-75] 23 / 20 [5-50] 0.00
ODI NA* 31 / 29 [0-66] 48 / 50 [18-70] 54 / 60 [32-72] 0.00
Degree of stenosis None Mild Moderate Severe
VAS right leg 7 / 0 [0-70] 49 / 50 [0-100] 54 / 60 [0-100] NA* 0.05
VAS left leg 6 / 0 [0-90] 39 / 40 [0-100] 53 / 60 [0-100] NA* 0.08
Imbalance No Yes
ODI 36 / 34 [6-70] 47 / 50 [0-72] 0.00
Risk factors None to mild Moderate Severe
SF-36 role limit. (emotional) 61 / 67 [0-100] 52 / 67 [0-100] 7 / 0 [0-33] 0.00
SF-36 emotional well-being 71 / 76 [24-100] 65 / 68 [4-96] 56 / 60 [28-72] 0.04
PCS 21 / 21 [2-51] 24 / 24 [0-52] 34 / 33 [15-44] 0.03
HADS anxiety 6 / 5 [0-17] 7 / 6 [0-19] 9 / 8 [5-12] 0.04
HADS depression 6 / 5 [0-17] 7 / 6 [0-18] 10 / 8 [6-16] 0.00
* Indicates too little observations.
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From this statement one can infer that the current appropriateness criteria for DLS re-
quire further validation and refinement. One important limitation of the current criteria 
for DLS is the absence of Patient Reported Outcome Measures (PROMs) as a validated, 
uniform and transparent measure of patient perspective [1, 7]. 
In this study imbalance appeared to be the strongest determinant for appropriateness 
of surgery (Table 2, T-value 4.74). Imbalance was associated with a higher degree of pain 
and disability in patients suffering from DLS (Tables 4 and 5), which is in accordance 
with recent literature [11-14]. In a recent study Daubs et al. [15], also using the RAND/
UCLA Appropriateness Method, demonstrated that sagittal imbalance was a major factor 
affecting the appropriateness of surgery among patients with DLS. 
A patient’s health condition is often mainly determined by the subjective observa-
tion of the treating spinal surgeon and, as such, is highly susceptible to interpretation. 
PROMs, on the other hand, are defined as “Any report of the patient’s health condition 
that comes directly from the patient, without interpretation of the patient’s response 
by a clinician or anyone else” [16]. By using individual patient PROMs, clinicians receive 
standardized information on a patient’s individual health problem in order to identify or 
monitor symptoms and support shared decision-making. As shown in the current study, 
the discriminative ability for appropriateness of surgery for the PROMs as a group is 
strong (AUC 0.83 (95% CI:0.71 – 0.95)), however, when considered in isolation the predic-
tive power of the individual PROMs is poor (AUC between 0.65 and 073). For example, it 
feels contradictory that in the current study a high PCS and HADS score were positively 
associated with the appropriateness of surgery. In recent literature, it has been shown 
that preoperative depression is significantly associated with decreased improvement in 
quality of life after lumbar surgery [17]. Although there is a statistically significant asso-
ciation between the PCS or HADS and the category “risk factors” of the appropriateness 
criteria, this category apparently has little impact on the appropriateness of surgery. 
These findings support the use of preoperative PROMs (including a validated psychosocial 
questionnaire) as an additional tool for determination of appropriateness of surgery and 
for optimization of surgical outcome. In an effort to maximize the benefit of surgery, a 
trained multidisciplinary team may then address and treat anxiety or depression before 
proceeding with a surgical intervention. 
Although, the current study advocates the implementation of quantifiable, transparent 
PROMs into the appropriateness criteria, it should be further elucidated which PROMs 
can be used best and how they should be interpreted. Tables 4 and 5 show by means of 
a correlation analysis that the different categories of the appropriateness criteria sig-
nificantly correlate with the various PROMs. The various PROMS all represent different 
components of the patient’s health-related quality of life, and subsequently correspond 
with the different subcategories of the appropriateness criteria. As shown in Table 6, the 
VAS spine quantifies the amount of perceived back pain, the VAS leg defines the amount 
of perceived leg pain, the ODI questionnaire quantifies how DLS impacts functioning and 
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health-related quality of life, and the HADS score demonstrates the level of depression 
and anxiety a patient experiences (subcategory risk factors). As an example, each PROM 
could be added to reinforce the corresponding appropriateness category. However, the 
exact thresholds of these individual PROMS to advise for or against surgery are yet to 
be determined. To determine such thresholds, and to determine which exact PROMs 
should be used, prospective studies with larger patient cohorts or analyses from spine 
registries will be necessary. Furthermore, patient preference with respect to surgery is 
not addressed by the PROMs or the appropriateness criteria itself. More insight into the 
patient preference could provide valuable information for clinical decision-making in 
patients suffering from DLS. Finally, as PROMs reflect the individually perceived burden 
caused by a spinal disorder, their implementation into appropriateness criteria should 
account for cultural differences as well.
In conclusion, this study has revealed statistically significant association between 
validated PROMs and the appropriateness criteria for surgery in DLS. Implementation of 
PROMs into the appropriateness criteria could provide a more quantifiable, transparent 
and uniform approach. Future studies with larger patient cohorts should further validate 
the incorporation of PROMs into the appropriateness criteria and optimize thresholds 
when to opt for surgery or not in DLS.
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abStraCt
Background context – Surgery for adult spinal deformity (ASD) is a challenging and 
complex procedure with high reported complication (8.4-42%) and revision rates (9-
17.6%). Failure to achieve or maintain adequate postoperative sagittal alignment has 
been reported to be the main cause of mechanical complications. In order to define 
appropriate surgical targets, the Scoliosis Research Society (SRS)-Schwab classification 
and the Global Alignment and Proportion (GAP) score were established. In the litera-
ture, no study has yet compared these classification systems with respect to the risk of 
developing mechanical complications.
Purpose – To assess and compare the ability of the Schwab classification and the GAP 
score to predict mechanical complications following adult spinal deformity surgery. 
Study design – Two center, retrospective cohort study.
Patient sample – Thirty-nine patients suffering ASD who underwent long segment spinal 
fusion (> 4 levels), minimum follow-up of 2 years.
Outcome measures – The ability of the Schwab classification and GAP score to predict 
mechanical failure was determined by computing the Area Under the Receiver Operat-
ing Characteristic Curve (AUC). 
Methods – Full-spine pre- and postoperative radiographs of all patients were analyzed 
for mechanical complications. Subsequently the pre- and postoperative Schwab and 
GAP score was determined. Logistic regression analysis was used to assess the ability 
of both systems to determine which was the most appropriate for the prediction of 
mechanical failure. Correlations between the various factors constituting the GAP score 
and Schwab classification were estimated using the Spearman rank order correlation 
coefficient.
Results – The results demonstrated that both classification systems are capable of pre-
dicting radiographic evidence of mechanical failure, however the GAP score proved to 
be significantly better (p=0.003). The relative pelvic version (RPV) of the GAP score serves 
a similar role as the pelvic tilt (PT) modifier from the Schwab classification (ρ=-0.84, 
p<0.01). The relative lumbar lordosis (RLL) from the GAP score functions much like the 
PI-LL modifier from the Schwab classification (ρ=-0.94, p<0.01). The GAP score is most 
significantly dependent on RSA, RLL and RPV (ρ=0.85, ρ=0.84, and ρ=0.84, respectively, 
p<0.01). Correlation with the lordosis distribution index (LDI) was also significant but 
was not as strong (ρ=0.65, p<0.01). Age, on the contrary, showed poor correlation with 
the GAP score (ρ=0.17, p=0.300).
Conclusion – Both the Schwab classification and the GAP score are capable of predicting 
mechanical complications. The GAP score proved to be significantly more appropriate. 
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This difference is probably attributed to the fact that in the GAP score all parameters 
are related to the patient’s individual pelvic incidence.
1. IntroDuCtIon
Degenerative changes have the potential to greatly disrupt the normal curvature of the 
spine, leading to sagittal malalignment [1]. The subsequent pain and decline in functional 
status constitute a concerning clinical picture [2]. As a response to positive sagittal (mal)
alignment, the body progressively recruits compensatory mechanisms to counteract the 
anterior truncal shift [1]. A chain of compensation is initiated from the flexible parts of 
the spine, and extends to the hips, lower extremities, and cervical spine to preserve an 
erect posture and horizontal gaze. The interaction between deformity and compensatory 
mechanisms depicts the final presentation of patients with adult spinal deformity (ASD) 
[3]. In cases of severe deformity, surgical intervention has been shown to offer superior 
clinical and radiographic outcomes compared to non-operative approaches [4-6]. 
Understanding of the sagittal alignment of the spine allows for comprehensive surgi-
cal planning which is key to achieving optimum postoperative alignment and improved 
outcomes [3]. Recent studies on outcomes following ASD surgeries have shown high 
rates of complications (8.4-42%) [7, 8] and revision rates (9-17.6%) [3, 9]. Increased junc-
tional stress concentration causes soft-tissue and ligamentous failure, vertebral fracture 
and bone implant interface failure. Proximal junctional kyphosis (PJK) and proximal 
junctional failure (PJF) are recognized complications of ASD surgery with a reported 
prevalence of 20-40% [3, 10, 11]. The development of junctional failure is frequently symp-
tomatic and can lead to the need for revision surgery and can have potential catastrophic 
neurological sequelae [12]. The major risk factors for junctional failure include older age 
(over 55 years of age), large abnormal preoperative sagittal parameters, osteoporosis, 
high body mass index, thoracoplasty procedures and fusion to the lower lumbar verte-
bra and sacrum [11, 13-15]. 
Adequate alignment following surgical treatment for ASD is not consistently achieved. 
Since revision rates following realignment procedures increase progressively with lon-
ger follow-up, it is possible that these revisions are driven by failure to achieve and/or 
maintain realignment [1, 3]. Both under- and over-correction in the sagittal plane have 
been reported to be a main cause of mechanical complications [12, 16-18]. Nowadays, ex-
tensive research has converted theoretical concepts into clinically relevant guidelines on 
sagittal alignment. In treatment planning for ASD accurate sagittal alignment analysis 
has become an essential tool. In order to understand appropriate targets for the correc-
tion of ASD, the Scoliosis Research Society (SRS)-Schwab classification and the Global 
Alignment and Proportion (GAP) score have been developed [19, 20]. The SRS-Schwab clas-
sification uses three sagittal modifiers to quantify deformity [19]. The Schwab modifier 
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thresholds were based on the established correlations between radiographic parameters 
and health-related quality-of-life measures [19, 21]. However, despite achieving optimal 
Schwab values postoperatively, mechanical complications are not uncommon [22]. Yil-
gor et al. [20] noticed that it was not clear how the Schwab criteria influence the risk of 
mechanical complications. Therefore, they developed the GAP score in which thresholds 
were mainly determined on the risk of mechanical complications. In the GAP score, 
optimal sagittal alignment is based on four factors deviating from their ideal curves, 
and these factors are proportionally related to the pelvic incidence (PI) [20]. The overall 
goal of the GAP score is to achieve a more patient-tailored, or patients-specific, guide for 
spinopelvic alignment. To date, no study has yet compared the SRS-Schwab classification 
with the newly developed GAP score with respect to their ability to predict the risk of 
developing mechanical complications following ASD surgery. Therefore, the purpose of 
the current study is to assess whether the SRS-Schwab classification or the GAP score 
is the most appropriate for the prediction of radiographic failure in patients suffering 
from ASD.
2. matErIalS anD mEthoDS
The current study is a review of a two center cohort of patients suffering adult spinal 
deformity (ASD) who underwent posterior spinal fusion and instrumentation. Medi-
cal records and radiographs of patients with ASD treated with posterior spinal fusion 
between 2005 and 2015 at two spinal deformity centers in the Netherlands (Maastricht 
University Medical Center and Amsterdam University Medical Center) were retrospec-
tively reviewed. Institutional review board (IRB) approval was obtained before study 
initiation (METC16-4-029) at each site. We included adults suffering ASD (defined as a 
deformity of the spine in either the coronal (> 10° lateral deviation of the vertical axis) 
or sagittal plane (T1 Pelvic Angle (TPA) > 10° or T1 spinopelvic inclination (T1-SPi) angle > 
0°)), who received surgical treatment constituting posterior spinal fusion of at least four 
vertebrae, and of whom standing full spine plain radiographs pre- and postoperatively 
were available. Patients were excluded if less than four vertebrae were fused or if there 
was incomplete radiographic follow-up (less than 2 years of follow-up, or no full-spine 
radiographs).
All radiographs were analyzed using validated software (Surgimap, Nemaris Inc., New 
York, NY). Pelvic parameters that were measured were the Pelvic Incidence (PI), Pelvic 
Tilt (PT), and Sacral Slope (SS). Regional spinal parameters included PI-LL mismatch, L1-S1 
Lumbar Lordosis (L1-S1 LL), L4-S1 Lumbar Lordosis (L4-S1 LL) and Thoracic Kyphosis (TK, 
T4-T12). Sagittal alignment was assessed linearly by T1 spinopelvic inclination (T1 Spi), T1 
Pelvic Angle (TPA), Global Tilt (GT) and Global Sagittal Alignment (GSA) [18, 23-25]. 
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The Global Alignment and Proportion (GAP) score comprises the Relative Pelvic Ver-
sion (RPV), Relative Lumbar Lordosis (RLL), Lordosis Distribution Index (LDI), Relative 
Spinopelvic Alignment (RSA) and age [20]. The GAP score can range from 0 to 13 points. 
The cut-off points for the GAP score that were chosen were in accordance with the cut-off 
values as determined by Yilgor et al. [20]. RPV (measured sacral slope minus ideal sacral 
slope) of less than -15° was considered severe retroversion; -15° to -7.1°, moderate retrover-
sion; -7° to 5°, aligned; and more than 5°, anteversion. RLL (measured lumbar lordosis 
minus ideal lumbar lordosis) of less than -25° was considered severe hypolordosis; -25° 
to -14.1°, moderate hypolordosis; -14° to 11°, aligned; and more than 11°, hyperlordosis. 
LDI (L4-S1 lordosis divided by L1-S1 lordosis multiplied by 100) of less than 40% was 
considered severe hypolordotic maldistribution; 40% to 49%, moderate hypolordotic 
maldistribution; 50% to 80%, aligned; and more than 80%, hyperlordotic maldistribu-
tion. RSA (measured global tilt minus ideal global tilt) of more than 18° was considered 
severe positive malalignment; 10.1° to 18°, moderate positive malalignment; 10° to -7°, 
aligned; and less than -7°, negative malalignment. A GAP score of 0 to 2 was categorized 
as indicating a proportioned spinopelvic state; 3 to 6, as moderately disproportioned; 
more than 6, as severely disproportioned.
The original sagittal modifiers of the SRS-Schwab classification are Sagittal Vertical 
Axis (SVA), PT and PI-LL [19]. The SVA parameter is a distance and requires a calibrated 
image. Due to the fact that in the current study not all images were calibrated we used 
the T1-SPi for the assessment of global spinal alignment, which strongly correlates with 
SVA [23]. Patients with a T1-SPi of less than 1.35° were classified with a T1 SPi modifier 
‘0’, a T1-SPi between 1.35° and 7.2° was classified with a T1-SPi modifier ‘+’ and more than 
7.2° with a T1-SPi modifier ‘++’. Patients with a PI-LL value of less than 10° were classified 
with a PI-LL modifier ‘0’, a PI-LL value between 10° and 20° was classified with a PI-LL 
modifier ‘+’ and greater than 20° with a PI-LL modifier ‘++’. Patients with a PT of less than 
20° were classified with a PT modifier ‘0’, a PT between 20° and 30° was classified with 
a PT modifier ‘+’ and greater than 30° with a PT modifier ‘++’. For statistical weight the 
following values were defined for the Schwab modifiers: 1 for modifier ‘0’, 2 for modifier 
‘+’ and 3 for modifier ‘++’.
The presence or absence of mechanical complications was defined as proximal 
junctional kyphosis or failure, distal junctional kyphosis or failure, rod breakage, and 
implant-related complications (Table 1) [20]. Revision surgery due to mechanical com-
plications was defined as “mechanical revision”. Based on these criteria three groups 
were defined: (1) “Normal” group (without mechanical complications), (2) “Non-revised” 
group (with radiographic mechanical complications, but without clinical indication for 
revision), (3) “Revised” group (with radiographic mechanical complications, patients 
underwent revision surgery). 
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2.1 Statistical analysis
We included all evaluable patients treated within the selected period of time. Baseline 
characteristics of the patients were described using mean and standard deviation (SD) 
for continuous variables, and as count and percentage for categorical variables. Patient 
characteristics in the three groups were compared using analysis of variance (ANOVA) 
for continuous variables, and the chi-square test for categorical variables.
ANOVA was used to determine if differences existed in radiographic parameters be-
tween the three groups and to compare the pre- and postoperative outcomes. We used 
logistic regression analysis to assess whether the GAP score or the Schwab classification 
was most appropriate for prediction of mechanical failure after dichotomization of the 
outcome. The ability of both the GAP score and the Schwab classification to discriminate 
between those who experienced mechanical failure, and those who did not was subse-
quently determined by computing the area under the Receiver Operating Characteristic 
(ROC) curve, or area under the curve (AUC), resulting from the logistic regression analy-
sis. For this analysis the “Non failure” group was compared to the “Mechanical compli-
cation” group (comprising the “Non-revised” group and “Revised” group). In order to 
compare the ROC curves of the GAP score and the Schwab classification a nonparametric 
approach by deLong et al. [26] was used.
Correlations between the various factors constituting the GAP score and Schwab 
classification were estimated using the Spearman rank order correlation coefficient. All 
analyses were performed using R version 3.5.1.
Table 1. Types and definitions of radiographic and implant-related mechanical complications used 
[17].
Type of mechanical complication Definition*
Proximal junctional kyphosis (PJK) > 10° increase in kyphosis between UIV and UIV+2 between 
early postoperative and follow-up radiographs
Proximal junctional failure (PJF) Fracture of UIV or UIV+1, pullout of instrumentation at UIV, 
and/or sagittal subluxation
Distal junctional kyphosis/failure > 10° postoperative increase in kyphosis angle between LIV 
and LIV-1 and/or pullout of instrumentation at LIV
Rod breakage Single or double rod breakage
Implant-related complications Other radiographic implant-related complications such as 
screw loosening, breakage, or pullout or interbody graft, 
hook, or set-screw dislodgement
*UIV: upper instrumented vertebra, LIV: lowest instrumented vertebra, +2 and +1: 2 and 1 vertebrae 
above UIV, and -1: 1 vertebra below LIV.
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3. rESultS
A total of 39 adult spinal deformity patients met the inclusion criteria and were included 
for analysis. The study population consisted of 10 men and 29 women, the average age 
was 60.18 + 9.67 years (range, 39 to 82 years; Table 2). The “Normal” group was formed by 
17 (44%) patients, and radiographic mechanical complications were measured in 22 (56%) 
patients [12 (30%) patients in the “Non-revised” group, 10 (26%) patients in the “Revision” 
group]. No statistically significant differences were found between the three groups for 
age, gender, prior spine surgery, diagnosis or mean number of vertebrae fused (Table 2).
Preoperatively, there was no significant difference in GAP score and Schwab classi-
fication between the three groups (p>0.05 for all comparisons) (Figure 1A and B). For 
the “Normal” group the average GAP score and Schwab values declined postoperatively 
(p=0.045 and p=0.663, respectively), whereas for the “Mechanical complication” groups 
these increased (Figure 1A and B; p>0.05 for all comparisons). 
Postoperatively, the “Normal” group demonstrated significantly lower mean GAP 
scores in comparison to the “Non-revised” group and the “Revised” group (p<0.001 and 
p=0.005, respectively) (Figure 2). The mean postoperative Schwab value for the “Normal” 
group was also significantly lower in comparison to the “Non-revised” group (p=0.032), 
whereas the difference between the “Normal” group and the “Revised” group was not 
significant (p=0.250; Figure 2). 
Table 2. Comparison of baseline demographics between groups. 
Variable
Normal 
group (1)
Non-revised 
group (2)
Revised 
group (3) Total
Chi-square 
or ANOVA 
(p-value for 
difference)
No. 17 12 10 39
Age (yrs) 59.9 + 9.9 61.4 + 8.8 59.2 + 11.1 60.2 + 9.7 0.01 (0.92)
Female gender (no.) 12 (71%) 11 (92%) 6 (60%) 29 (74%) 3.09 (0.21)
Prior spine surgery (no.) 1 (6%) 0 (0%) 1 (10%) 2 (5%) 1.16 (0.56)
Diagnosis (no.)
Degenerative
Idiopathic
Post-traumatic
Congenital
13 (76%)
1 (6%)
1 (6%)
2 (12%)
8 (67%)
0 (0%)
3 (25%)
1 (8%)
9 (90%)
0 (0%)
1 (10%)
0 (0%)
30 (77%)
1 (3%)
5 (13%)
3 (8%)
4.91 (0.56)
Mean no. of vertebrae fused 7.7 + 2.8 7.7 + 3.7 7.3 + 2.0 7.6 + 2.9 0.11 (0.74)
No statistically significant differences were found between the three groups for age, gender, prior 
spine surgery, diagnosis or mean number of vertebrae fused.
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Logistic regression analysis for the prediction of mechanical failure revealed a signifi-
cant association with both the GAP score (OR 1.45, 95% confidence interval [CI]: 1.16 – 1.79, 
p=0.001) and the Schwab classification (OR 1.44, 95% CI: 1.01 – 2.08, p=0.046). The ability of 
both the GAP score and the Schwab classification to predict mechanical complications 
was expressed as the AUC. The AUC for the GAP score was 0.86 (95% CI: 0.75 – 0.97), 
whereas the AUC for the Schwab classification was 0.69 (95% CI: 0.52 – 0.86). The dif-
ference between AUC’s of the Schwab and the GAP score was statistically significant 
(p=0.003), indicating that the GAP discriminates better between those patients who will 
develop mechanical failure and those who will not. Subsequently, a plot of the predicted 
probability for the GAP score is visualized in Figure 3. For example, the risk of radio-
Figure 1. A. The mean pre- and postoperative GAP scores per group (mean + standard deviation, * 
indicates p<0.05). B. The mean pre- and postoperative values for the Schwab classification per group 
(mean + standard deviation, * indicates p<0.05).
Figure 2. Postoperative mean values for the GAP score and Schwab classification per group (mean 
+ standard deviation, *indicates p<0.05).
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graphic mechanical complications for patients with a postoperative GAP score of 2 is 
approximately 18%, whereas the risk is approximately 90% with a GAP score of 12.
Spearman rank order correlation analysis showed that the GAP score was most strong-
ly correlated with RSA, RLL and RPV (ρ=0.85, ρ=0.84, and ρ=0.84, respectively, p<0.01; 
Table 3). The correlation with the lordosis distribution index (LDI) was also significant 
but was as strong (ρ=0.65, p<0.01). Age, on the contrary, showed poor correlation with 
the GAP score (ρ=0.17, p=0.300). For the Schwab classification, the Spearman rank order 
correlation analysis showed a significant correlation with all three sagittal modifiers 
(PI-LL ρ=0.90, Global alignment (T1 SPi) ρ=0.67 and PT ρ=0.70, p<0.01), of which PI-LL was 
the strongest.
Figure 3. Predicted probability curve for the GAP score.
Table 3. Spearman rank order correlation coefficient analysis for the various determinants of the 
GAP score and the Schwab classification. 
 
Pelvic incidence minus 
lumbar lordosis 
(PI-LL)
Global alignment 
(T1 SPi)
Pelvic tilt
(PT)
Relative pelvic version (RPV) -0.69* -0.02 -0.84*
Relative lumbar lordosis (RLL) -0.94* -0.54* -0.58*
Lordosis distribution index (LDI) 0.04 0.12 -0.32**
Relative sagittal alignment (RSA) 0.85* 0.55* 0.67*
* indicate p < 0.01, ** indicate p < 0.05.
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The relative pelvic version (RPV) of the GAP score serves a similar role as the Pelvic 
Tilt (PT) modifier from the Schwab classification, demonstrating a significantly nega-
tive correlation coefficient (ρ=-0.84, p<0.01). In Table 4, the distribution of patients over 
both subcategories (RPV and PT) is visualized, showing a few differences between the 
classification systems (e.g. more patients are aligned according to the GAP score than 
according to the Schwab modifiers). In Figure 4A the sacral slope is plotted against the 
pelvic incidence with respect to the “ideal sacral slope” [20]. The geometrical relation-
ship between the pelvic angles and sacral slope should be kept in mind (pelvic incidence 
equals the sum of the sacral slope and pelvic tilt). Patients with a high pelvic incidence 
require a high pelvic tilt (and sacral slope), however according to the Schwab modifier 
these values are classified as “too high” (‘+’ or ‘++’). On the other hand, patients with a 
small pelvic incidence require an even smaller pelvic tilt and should be classified as ‘++’ 
instead of ‘+’.
The relative lumbar lordosis (RLL) from the GAP score functions much like the PI-LL 
modifier from the Schwab classification and therefore also showed an extremely low 
correlation coefficient (ρ=-0.94, p<0.01). The distribution of patients over both subcat-
egories (RLL and PI-LL) is visualized in Table 4 and appeared to be highly comparable. 
In Figure 4B the lumbar lordosis is plotted against the pelvic incidence with respect to 
the “ideal lumbar lordosis” [20]. Again, the three groups presented are the three Schwab 
modifiers. Only for patients with pelvic incidence values near the upper-normal and 
lower-normal values the PI-LL shows limitations. Between a pelvic incidence of approxi-
mately 50 to 80 the PI-LL modifier is quite similar to the GAP score.
The relative spinal alignment (RSA) demonstrated a correlation coefficient ρ=0.55 (p<0.01) 
with the Global alignment (T1 SPi). The distribution of patients over both subcategories 
(RSA and Global alignment) is visualized in Table 4. According to the GAP score, ap-
proximately all patients show positive malalignment whereas according to the Schwab 
Figure 4. A. Sacral slope (SS) per patient plotted against his/her pelvic incidence (PI) with respect 
to “ideal sacral slope” (green line). Green bold line represents alignment, upper orange and red 
areas represent anteversion, lower orange area represents moderate retroversion and lower red 
area represents severe retroversion. Symbols are coded according to the PT Schwab modifier (‘0’, 
‘+’ or ‘++’, displayed as ‘*’). The blue boxes indicate differences between the GAP score and Schwab 
classification. Note: PI = PT + SS. B. Lumbar lordosis (LL) per patient plotted against his/her pelvic 
incidence (PI) with respect to “ideal lumbar lordosis” (green line). Green bold line represents align-
ment, upper orange and red areas represent hyperlordosis, lower orange area represents moderate 
hypolordosis and lower red area represents severe hypolordosis. Symbols are coded according to the 
PI-LL Schwab modifier (‘0’, ‘+’ or ‘++’, displayed as ‘*’). The blue boxes indicate differences between 
the GAP score and Schwab classification. C. Global tilt per patient plotted against his/her pelvic 
incidence (PI) with respect to “ideal global tilt” (green line). Green bold line represents alignment, 
upper orange area represents moderate positive malalignment, upper red area represents severe 
positive malalignment. Lower orange and red areas represent negative malalignment. Symbols are 
coded according to the PT Schwab modifier (‘0’, ‘+’ or ‘++’, displayed as ‘*’). The blue boxes indicate 
differences between the GAP score and Schwab classification.
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classification the number of aligned patients is twice as high (this might explain the 
relatively low, but still significant, correlation coefficient) between RSA (GAP) and Global 
alignment (Schwab). In Figure 4C, the global tilt is plotted against the pelvic incidence 
with respect to the “ideal global tilt” [20] providing more insight in the differences 
found. These results indicate that the Schwab Classification might underestimate the 
malalignment with regard to a patient’s individual pelvic incidence.
The distribution of patients over the two “novel” subcategories of the GAP score are 
visualized in Table 4. Hyperlordotic maldistribution appeared to be an important cause 
for radiographic mechanical complications. Age did not show to be a contributing factor 
to ability of the GAP score to predict mechanical complications.
Table 4. Distribution of patients over the various subcategories of the GAP score versus the Schwab 
classification (no. [%]).
GAP Normal
Non-
revised Revised Schwab Normal
Non-
revised Revised 
Relative pelvic version Pelvic tilt
Anteversion 1 (6) 0 (0) 0 (0)  0 8 (47) 1 (8) 1 (10) 
Aligned 10 (59) 1 (8) 2 (20)  + 5 (29) 5 (42) 7 (70) 
Moderate retroversion 2 (12) 2 (17) 3 (30)  ++ 4 (24) 6 (50) 2 (20) 
Severe retroversion 4 (24) 9 (75) 5 (50)   
Relative lumbar lordosis PI-LL
Hyperlordotic 0 (0) 0 (0) 0 (0)  0 10 (59) 3 (25) 4 (40) 
Aligned 11 (65) 3 (25) 3 (30)  + 4 (24) 1 (8) 3 (30) 
Moderate hypolordosis 3 (18) 2 (17) 2 (20)  ++ 3 (18) 8 (67) 3 (30) 
Severe hypolordosis 3 (18) 7 (58) 5 (50)   
Relative sagittal alignment Alignment
Negative 0 (0) 0 (0) 0 (0)  0 7 (41) 4 (33) 3 (30) 
Aligned 6 (35) 1 (8) 0 (0)  + 3 (18) 2 (17) 2 (20) 
Moderately positive 7 (41) 0 (0) 2 (20)  ++ 7 (41) 6 (50) 5 (50) 
Severely positive 4 (24) 11 (92) 8 (80)   
Lordosis distribution index
Severely hypolordotic 1 (6) 1 (8) 2 (20)      
Moderate hypolordotic 1 (6) 2 (17) 0 (0)      
Aligned 13 (76) 2 (17) 4 (40)      
Hyperlordotic 2 (12) 7 (58) 4 (40)      
Total Total
Proportioned 7 (41) 0 (0) 0 (0)  0 11 (65) 3 (25) 4 (40) 
Moderately 
disproportioned 
6 (35) 1 (9) 4 (40)  + 3 (18) 2 (17) 3 (30) 
Severely disproportioned 4 (24) 11 (92) 6 (60)  ++ 3 (18) 7 (58) 3 (30) 
Chapter 7 
133
4. DISCuSSIon
The current study aimed to assess which classification system, the SRS-Schwab classifica-
tion or GAP score, is the most appropriate for the prediction of radiographic mechanical 
failure in patients operated for adult spinal deformity. The results demonstrated that 
both classification systems can predict radiographic mechanical failure, but the GAP 
score proved to be better with an AUC of 0.86 compared to 0.69 (p=0.003). 
The outcome of the current study might explain why it is not uncommon to observe 
complications even after ideal correction of all sagittal modifiers from the Schwab 
classification [20]. A multicentre study by Soroceano et al. [22] found a prevalence of 
radiographic and implant-related complications of 31.7% when using Schwab’s target 
values (revision surgery was indicated in 52.6% of these patients). When the surgical 
goals according to the GAP score are achieved postoperatively, the shape of the spine 
allows for equal distribution of loads across the spinal column, pelvis and lower limbs. 
However, when the surgical goals according to the Schwab classification are achieved, 
this equilibrium might still be disrupted, which may lead to mechanical failure. There 
are several differences between the Schwab classification and the GAP score that might 
account for this [20]. For the Schwab classification the pelvic incidence minus lumbar 
lordosis, pelvic tilt and global alignment are independently used as numerical values 
[19, 21]. On the contrary, for the GAP score all parameters are evaluated in relation to 
the pelvic incidence [27]. Pelvic incidence is a morphological parameter that remains 
constant during adulthood and is not affected by patient position or spinal surgery [28]. 
A patient with an upper-limit pelvic incidence will have a physiologically high pelvic tilt 
and sacral slope. According to the Schwab criteria the surgical goal in pelvic tilt for these 
patients is < 20°, however this is too low in case of a high PI and may actually increase 
the risk of mechanical complications instead of preventing them (Figure 4A: blue boxes 
on the right). For every patient the Schwab score advises a postoperative pelvic tilt of < 
20°, however for patients with a lower-limit pelvic incidence this is not accurate enough 
since these patients require values < 10° (Figure 4A: blue boxes on the left). Additionally, 
the PI-LL Schwab modifier does not apply for patients with extreme pelvic incidence 
values either (Figure 4B: blue boxes). Between a pelvic incidence of approximately 50 to 
80 degrees the PI-LL modifier is quite accurate. Furthermore, since the Global Alignment 
(T1 SPi or SVA) is not regarded in relation to a patient’s pelvic incidence, it is less accurate 
for the prediction of mechanical complications since it might underestimate the degree 
of malalignment (Figure 4C: blue boxes). These drawbacks underline the need for more 
patient-specific surgical thresholds as proposed by the GAP score.
A relatively novel subcategory of the GAP score is the lordosis distribution index (LDI), 
which divides the lumbar lordosis in a lower arc (L4-S1) and an upper arc (L1-L3). As 
described by Roussouly et al. [28], maldistribution between these arcs might alter the 
distribution of loads on the spinal column and might subsequently cause mechanical 
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failure. The importance of this subcategory for the prediction of mechanical complica-
tions via the GAP score in the current study was highlighted by the significant correla-
tion coefficient (ρ=0.65, p<0.01). Another addition to the GAP score was the subcategory 
“age”. However, in the current study age was not an important determinant for the GAP 
score which is not in accordance with the literature [11]. Age, and especially age-related 
comorbidities (osteoporosis, sarcopenia, neurodegenerative factors), should always be 
considered during preoperative planning. 
A good understanding of the principles of sagittal balance is vital to achieve optimum 
outcomes when treating adult spinal deformity. The major difference between the 
Schwab classification and the GAP score is the fact the GAP score is patient-tailored. 
Before the existence of the GAP score the aim of surgical treatment was to restore the 
spinal column to “normal values” (that applied for every patient) rather than patient-
specific values. This might also explain why Smith et al. [18] found that complete cor-
rection of sagittal imbalance, based on an SVA of less than 50 mm postoperatively, was 
associated with a higher incidence of acute PJF. And why Glattes et al. showed that 
changes in sagittal vertical axis (SVA) did not contribute significantly to the development 
of abnormal PJK or PJF [15]. 
The current study was limited by a relatively small number of patients, although 
the differences that were observed were confirmed by statistical significance. Another 
limitation is that we had to substitute the SVA modifier of the Schwab classification by 
the T1 SPi. However, it was described by Lafage and Schwab [23] that the T1 SPi is strongly 
correlated with the SVA and therefore could be used when no calibrated radiographs are 
available. 
It should be acknowledged that deformity surgery is a challenging and complex proce-
dure with high reported complication rates. Surgical complications encompass a variety 
of entities which cannot all be predicted by means of radiographs (e.g. neurological 
deficits, incidental durotomy and wound dehiscence). Furthermore, it should be taken 
into account that inadequate (pre- or postoperative) spinal alignment is not the only risk 
factor for complications. Older age, high body mass index and low bone mineral density 
are important risk factors which should be taken into consideration when planning 
surgical treatment [12-15]. 
In conclusion, the ability to predict radiographic mechanical complications following 
adult spinal deformity surgery by the Schwab classification and the GAP score was stud-
ied. Both classification systems were able to predict mechanical complications, however 
the GAP score proved to be significantly more appropriate. The difference found is prob-
ably attributed to the fact that in the GAP score all parameters are related to the patient’s 
individual pelvic incidence.
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gEnEral DISCuSSIon
This thesis focused on increasingly important aspects of spinal aging. In this final chap-
ter, the main findings and limitations of the previous chapters are discussed, and general 
conclusions and recommendations as well as directions for future research are provided.
In Chapter 2, we elaborated on the spatiotemporal gait parameters and their vari-
ability in postmenopausal women with and without vertebral fractures. It was found 
that patients suffering an osteoporotic vertebral compression fracture (OVCF) walk with 
significantly shorter and wider strides as compared to their healthy counterparts. Six 
months after fracture the majority of the spatiotemporal gait parameters (e.g. stabil-
ity, double support time and step width) have only partially improved. This was the 
first study to elucidate the spatiotemporal gait characteristics and their variability in 
postmenopausal women suffering an OVCF in comparison to healthy subjects over time, 
which obviously limits comparison with previous studies. 
Gait is an important indicator of health and is a strong predictor of future limitations 
in mobility and falls among older adults [1, 2]. The cautious gait pattern found in the 
OVCF group, typically marked by mild to moderate slowing, reduced stride length, and 
widening of the base of support, has been associated with an increased risk of falling 
[3, 4]. The origin of the cautious gait is not well understood, however, pain and fear of 
falling presumably play an important role [5]. Older adults may increase their double 
support time, which is a stabilizing factor during a normal gait cycle, and increase their 
step width in order to stabilize their inefficient gait control and prevent falls [6]. Falling 
is not only associated with increased morbidity and mortality in older individuals, but 
is also linked to poor overall functioning and early admission to long-term care facilities 
[3]. Reducing the risk of falling in the older population is therefore an important public 
health objective. Our results are in accordance with literature [7], and imply that after 
suffering an OVCF patients are at a greater risk of incident disability, such as falling, 
than their healthy counterparts, even six months after conservative treatment. These 
results underline that an OVCF can be the serious beginning of a downward cascade 
which should be taken into account in the multimodal treatment of vertebral compres-
sion fractures and osteoporosis (Figure 3, Chapter 1) [7, 8]. Most patients with an OVCF 
are currently treated conservatively with analgesics, bracing, early rehabilitation and 
osteoporosis treatment with bisphosphonates [9]. However, in the current treatment 
algorithms too little attention is paid to the prevention of falling [9, 10]. The American 
Geriatrics Society and British Geriatrics Society recommend that all adults older than 
65 years should be screened annually for a history of falls or balance impairment [3, 11]. 
Subsequently, older adults who are at an increased risk of falling should be prescribed 
multifactorial programs, which include aerobic exercise supplemented with step, bal-
ance, strength and gait training to prevent falls [11]. A meta-analysis by Okubu et al.[12] 
demonstrated that step and balance training can prevent falls by approximately 50% in 
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older adults due to improvements in balance recovery, reaction time, gait and balance. 
In comparison to general training during physical therapy, step training provided a 
greater fall reduction effect due to the greater task specificity in which the neurophysi-
ological and sensorimotor skills required to prevent falls are trained [12]. Because of the 
fact that patients do not fully recover to their previous level of mobility after six months 
of conservative treatment, it appears to be of high importance to add balance and gait 
training to the treatment algorithm of OVCFs. 
After an OVCF, the risk of a new vertebral fracture in the subsequent year is ap-
proximately 20% [13]. Baek et al. [14] demonstrated that in osteoporotic patients, the most 
important risk factors for novel vertebral compression fractures after the initial fracture 
are the altered biomechanics of the spine due to sagittal malalignment and of course the 
degree of osteoporosis. Treatment of OVCFs should aim to break the downward spiral 
of recurrent vertebral compression fractures and to prevent or slowdown the decline in 
postural control and the subsequent progression of hyperkyphosis with resultant global 
sagittal malalignment and imbalance (Figure 3, Chapter 1) [15]. In order to minimize 
increase of load on the anterior part of the spine (vertebral bodies) and prevent new 
vertebral fractures, prevention of an increased anterior bending moment on the trunk 
seems of high clinical importance [16]. In Chapter 3, the value of a semirigid thoraco-
lumbar orthosis on gait and sagittal alignment was evaluated. It was shown that six 
weeks of continuous dynamic bracing results in a more upright posture and adjusted 
gait pattern in female patients suffering an OVCF. This is clinically relevant since even 
a small increase in thoracic kyphosis will result in a significant increase in vertebral 
compressive loading (Figure 4, Chapter 1) [17]. The reduced biomechanical strength of 
the anterior column in patients suffering osteoporosis, combined with the compressive 
overload may cause progressive collapse of the unsupported anterior cortex resulting 
in novel vertebral fractures [18, 19]. Vertebral compression fractures are approximately 
five- to tenfold more prevalent in patients with moderate or severe kyphosis of the tho-
racolumbar spine in comparison to patients with mild kyphosis [16]. Therefore, in order 
to minimize increase in spinal loading and prevent new fractures, prevention of an 
increased thoracolumbar kyphosis is key in patients suffering an osteoporotic vertebral 
compression fracture. Moreover, it was shown by Miyakoshi et al. [20], that radiographic 
improvement of sagittal alignment in osteoporotic patients with fractures improved 
their quality of life. Various methods of decreasing the load on the anterior part of the 
spine have been proposed and positive effects of exercise programs, training of the back 
extensor muscles and posture training on pain, quality of life, reduction of the kyphosis 
and the risk of future vertebral fractures have been found [21-23]. Although the role of 
dynamic bracing in the treatment of OVCFs is controversial [10, 24], Pfeifer et al. [25, 26] 
demonstrated an increase in back extensor strength, improved posture, improved pul-
monary function and positive effects on pain and activities of daily life. These results are 
in accordance with the results we found in Chapter 3. A recent study by Kaijser et al. [23] 
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compared the effect of treatment with dynamic bracing to physical, equipment training 
and to a control group in patients suffering from osteoporosis with or without a vertebral 
fracture. Wearing an activating spinal orthosis (dynamic bracing) for at least two hours 
a day for six months demonstrated no significant difference in back pain, back extensor 
strength, and kyphotic index compared to the other groups. However, back extensor 
strength increased by 27% percent, which may be very important to prevent progression 
of sagittal imbalance [22, 23, 27]. Nevertheless, a large randomized controlled trial will be 
required to investigate the efficacy, in terms of pain reduction, and the effect of dynamic 
bracing on gait and posture in relation to the natural healing process of the fractured 
vertebra. Follow-up of two to five years will be required to further investigate whether 
the more upright posture will prevent the development of hyperkyphosis and actually 
cause a decrease in new vertebral fractures. 
Although most osteoporotic vertebral compression fractures heal within a few 
months, a substantial part of the patients fail to respond to conservative treatment and 
often require long-term care [28]. Venmans et al. [29] found that 60% of conservatively 
treated patients with acute OVCFs had sufficient pain relief and good functional recovery 
within approximately three months after the acute fracture. However, 40% of patients 
still had disabling pain after one year [29, 30]. In a study by Zhang et al. [28], risk fac-
tors for conservative treatment failure were identified. Increased age, decreased bone 
mineral density, increased body mass index, and a high modified frailty index were 
high-risk factors for failure of conservative treatment of acute OVCFs [28]. For patients 
with high-risk factors active observation is highly recommended during conservative 
treatment and early-stage treatment policy change should be considered (within a few 
weeks of fracture) [28, 31]. According to the Vertos IV study [32], there is a place for ver-
tebroplasty for these fractures that are not responsive to conservative treatment when 
the efficacy outweighs the risks. The currently used bone cements in vertebroplasty are 
derived from conventional polymethylmethacrylate (PMMA) bone cements used in total 
hip and knee arthroplasties. The main modification is that, for safety reasons, cements 
used for vertebroplasty should be clearly visible on fluoroscopy and thus contain a much 
higher proportion (up to 30% on weight basis) of radiopacifier (most commonly barium 
sulphate (BaSO4)) [33]. However, there are a number of drawbacks to mixing PMMA with 
large concentrations of BaSO4. These include adverse effects on injectability, viscosity 
profile, setting time, mechanical properties of the cement and bone resorption by mac-
rophage activation. In Chapter 4, a novel PMMA cement was introduced, that has been 
designed to address these drawbacks. Its powder includes PMMA microspheres in which 
gold particles are incorporated for radiopacity, which is mixed with the usual monomer 
from commercial cements for vertebroplasty. In comparison to one such commercial 
cement brand (VertaPlexTM) the new cement has longer doughing time, longer injection 
time, higher compressive strength, higher compressive modulus, and is less cytotoxic. 
Cement injection into human cadaveric vertebrae with simulated compression fractures 
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revealed that the mechanical and filling properties of the gold-containing microsphere 
cement were not compromised relative to the commercial cement. The results found in 
Chapter 4 indicate that there are several possibilities to optimize the cement used for 
vertebroplasty with positive effects on injectability, viscosity profile, setting time, me-
chanical properties and bone resorption. For example, another well-known drawback of 
vertebroplasty is the increased risk of (re)collapse of the cemented or adjacent vertebrae 
due to excessive stiffness of the cement [34-36]. The strength and stiffness of individual 
fractured vertebral bodies is increased by cement augmentation to values matching 
or exceeding those of intact vertebrae. Increased stresses and strains in the adjacent 
vertebrae, resulting from the filling of the vertebral body with bone cement, may cause 
an alteration of the load transfer [36]. Theoretically, the stress on the augmented and 
adjacent vertebral bodies could be reduced by lowering the elastic modulus of bone 
cement, thereby decreasing the occurrence of adjacent vertebral fractures [34]. Future 
research in this field is of high clinical importance since recurrent vertebral compression 
fractures may subsequently progress to increased thoracolumbar kyphosis and resultant 
risks of new fractures and global sagittal malalignment [8, 37]. 
Global sagittal malalignment in Adult Spinal Deformity (ASD) can cause severe pain, 
disability and progressive neurological deficit. In the absence of rapid progressive curves, 
concerning instability or progressive neurological deficits conservative management is 
preferred. Nonoperative treatment typically consists of physical therapy focusing on 
low-impact core strengthening and endurance, analgesics, bracing, epidural steroid 
injections, selective nerve root blocks and/or facet blocks [38]. Spinal fusion using rigid 
instrumentation is currently the salvage treatment to stop further curve progression 
after conservative treatment has failed [39, 40]. However, the mechanical stiffness mis-
match between rigid spinal instrumentation and low mineral density bone in case of 
osteoporosis has been suggested to contribute to high mechanical failure rates in ASD 
surgery [40-42]. In Chapter 5, the effect of variation in rod stiffness (titanium versus 
polycarbonate-urethane (PCU)) on the loading of the anterior spinal column, as mea-
sured by intradiscal pressure (IDP) of fixed spinal segments during flexion-compression, 
was assessed. Low implant stiffness was found to generate lower IDP during flexion-
compression loading in comparison to high implant stiffness (almost similar to the 
uninstrumented control group), representing a more physiological loading pattern. The 
use of dynamic spinal implants or posterior based motion preserving systems has exten-
sively been reviewed in biomechanical studies [43, 44]. Dynamic spinal implants, based 
on pedicle screw fixation coupled with a flexible longitudinal connecting system, were 
invented to prevent adjacent segment disease after fusion surgery [45, 46]. However, 
long-term clinical studies showed that dynamic spinal implants do not have a clinical 
advantage over fusion surgery in the prevention of adjacent segment disease after short 
segment instrumentation [47, 48]. A plausible explanation is the absence of bony fusion, 
which leads to micromotion and formation of fibrous tissue around the screws causing 
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screw pull-out and junctional failure [49]. These results suggest that caution is warranted 
when using polycarbonate-urethane (PCU) rods as standalone fixation (e.g. substituting 
the rigid titanium rods) in the surgical treatment of ASD [43, 44]. The “topping-off” con-
cept, however, may be an alternative to overcome the gap between rigid and dynamic 
spinal fixation. In topping-off, spinal fusion is combined with dynamic stabilization 
of the cranial adjacent segment. This technique provides a more gradual transition of 
forces between the rigidly fused construct and the adjacent mobile segments [50]. The 
results of the concept study presented in Chapter 5 indicate that PCU could be a feasible 
material for topping-off. The low and tuneable implant stiffness of PCU would allow for 
a more physiological load distribution, with the aim of minimizing the load transfer and 
subsequent stresses at the bone-screw interface and the possible benefit of a decrease in 
adjacent segment disease. 
As mentioned before, surgery for ASD is a challenging and complex procedure with 
high reported complication (8.4-42%) and revision rates (9-17.6%) [51, 52]. The high com-
plication rates warrant the assessment of individual risk profiles and a patient-tailored 
treatment plan for patients suffering ASD, either surgical or non-surgical. Treatment for 
ASD is characterized by a substantial variety in treatment advice as there is no generally 
acknowledged consensus for decision-making. In an attempt to improve evidence-based 
clinical decision-making and increase uniformity and transparency of care, the Scoliosis 
Research Society (SRS) established appropriateness criteria for surgery for DLS [53]. 
These criteria comprise seven clinical or radiographic characteristics: (1) severity of self-
reported symptoms, (2) severity of central spinal or foraminal stenosis, (3) progression 
of the degree of curvature or certain other radiographic abnormalities, (4) presence of 
sagittal imbalance, (5) severity of risk factors for suboptimal outcomes, (6) degree of 
curvature, and (7) when applicable, the number of levels with at least moderate central 
spinal or foraminal stenosis. Based on these characteristics it is determined for each 
patient whether or not surgery is inappropriate, appropriate, or necessary. In these 
criteria, however, the patient perspective has not been formally incorporated, although 
it is the patient’s experienced burden of disease, combined with the surgeon’s recom-
mendation that will eventually determine the decision-making process. Informed choice 
includes both patient preferences and evidence-based clinical recommendations. Since 
patient perspective is an increasingly important consideration in informed decision-
making, embedding Patient Reported Outcome Measures (PROMs) in the appropriate-
ness criteria may allow for a more uniform and transparent patient-centered approach 
[53]. In Chapter 6 the extent to which the patient perspective was integrated into the 
appropriateness criteria of surgery for DLS was evaluated. It was found that there was 
a significant association between the appropriateness of surgery and Patient Reported 
Outcome Measures (PROMs). The discriminative ability for appropriateness of surgery 
for PROMs as a group was strong (AUC of 0.83). However, when considered in isolation, 
the predictive power of any individual PROM was poor. The different categories of the ap-
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propriateness criteria significantly coincided with the PROMs used. The results found in 
Chapter 6 are comparable with those from Bess et al. [54] and Richner-Wunderlin et al. 
[55] who both stated that pain and disability should determine the treatment modality 
in older patients, whereas in the contrary in younger patients it should be determined 
by the degree of deformity. Implementation of PROMs into the appropriateness criteria 
may be a possibility to allow for a more transparent, quantifiable and uniform clinical 
decision-making process. 
For specific ASD patients surgical intervention can offer superior clinical and radio-
graphic outcomes compared with nonoperative approaches, however, with a high risk 
of complications [51, 52]. The main cause of mechanical complications after ASD surgery 
is failure to achieve or maintain adequate postoperative sagittal alignment. In order 
to define appropriate surgical targets, the Scoliosis Research Society (SRS)-Schwab clas-
sification and the Global Alignment and Proportion (GAP) score were established [56, 
57]. In Chapter 7, we assessed and compared the ability of the Schwab classification 
and the GAP score to predict mechanical complications following adult spinal deformity 
surgery. The results demonstrated that both classification systems are capable of predict-
ing radiographic evidence of mechanical failure, however the GAP score proved to be 
significantly better (p=0.003). This difference is probably attributed to the fact that in 
the GAP score all parameters are related to the patient’s individual pelvic incidence. It 
is important to not just restore the spinal column to “normal values” but to restore it to 
patient-specific values. Moreover, it should be taken into account that inadequate spinal 
alignment is not the only risk factor for complications. Older age, high body mass index 
and low bone mineral density are also important risk factors which should be taken into 
consideration when planning surgical treatment for ASD [58-60]. Personalized medicine 
is of increasing importance for patients suffering from ASD, as they constitute a hetero-
geneous patient population with diverse clinical presentations, treatment indications as 
well as treatment outcomes.
ConCluSIon anD rECommEnDatIonS
With aging of the population, clinicians will be required to manage an increasing num-
ber of spinal disorders specific to the elderly, which poses us for important challenges 
in treatment because this patient category is associated with multiple medical comor-
bidities, decreased mobility, poor balance, and a greater propensity to falling. When 
designing and implementing therapeutic strategies, clinicians must consider all of these 
factors to ensure adequate patient support, optimize outcomes and prevent catastrophic 
events.
Based on the results of this thesis the following recommendations can be made:
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•	 After	an	osteoporotic	vertebral	compression	fracture	(OVCF)	patients	do	not	recover	
to their previous level of mobility, to this end balance and gait training should be 
structurally included in the treatment algorithm of OVCFs (Chapter 2);
•	 Dynamic	bracing	for	the	treatment	of	OVCFs	could	prevent	or	slowdown	the	decline	
in postural control and the subsequent progression of hyperkyphosis with resultant 
global sagittal malalignment and imbalance. However, a large randomized controlled 
trial will be necessary for definite proof of efficacy in terms of pain relief and postural 
control (Chapter 3);
•	 Gold-containing	microsphere	polymethylmethacrylate	(PMMA)	cement	is	an	interest-
ing modifiable alternative to the commercial PMMA bone cements with positive ef-
fects on injectability, viscosity profile, setting time, mechanical properties and bone 
resorption (Chapter 4);
•	 Polycarbonate-urethane	 (PCU)	 could	be	a	 feasible	material	 for	 topping-off	 in	adult	
spinal deformity surgery, as it allows for a more physiological load distribution to the 
adjacent segments (Chapter 5);
•	 The	 implementation	 of	 PROMs	 into	 the	 appropriateness	 criteria	 for	 degenerative	
lumbar scoliosis surgery allows for a more patient-centered, transparent and uniform 
clinical decision-making process (Chapter 6);
•	 When	performing	surgery	for	adult	spinal	deformity	the	Global	Alignment	and	Pro-
portion (GAP) score is the most appropriate tool for surgical planning (Chapter 7).
FuturE PErSPECtIVES
Treatment for osteoporotic vertebral compression fractures (OVCFs) is characterized by a 
substantial variety in treatment advice as there is no generally acknowledged consensus 
for decision-making. Therapeutic recommendations for conservative treatment are gen-
erally inconsistent [61]. Since OVCFs are an increasing health problem with serious clini-
cal consequences, high-quality studies on the management of OVCFs are warranted. The 
most important direction for future research would be to conduct a large, randomized, 
blinded controlled trial to determine which treatment pathways are (cost)effective and 
safe for patients. Based on the results found in this thesis balance training and dynamic 
bracing should be taken into consideration in the treatment algorithm.
The current understanding of the impact of surgical correction of spinal deformity on 
the functional mobility and daily activities of patients is incomplete. Spinal alignment 
is a postural concept, as currently evaluated on static standing radiographs, that serves 
as the basis for the preoperative and postoperative assessment of patients with spinal 
deformity [62]. However, spinal balance and body balance are active processes that re-
quire a thorough understanding of the harmony between posture, balance and motion, 
which is not be fully represented by static radiographs alone. Three-dimensional motion 
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analysis can bridge the gap between static spinal radiographic alignment, physiologic 
dynamic body balance and gait in the setting of adult spinal deformity. The Computer 
Assisted Rehabilitation Environment (CAREN) is an acknowledged tool to assess balance 
and motion/gait in patients. The system is able to provide a self-paced mode in which 
the patient is able to walk at a self-selected speed on a treadmill. The system allows 
continuous gait assessment in comparison to a normal gait lab, allowing more data to 
be collected and the outcomes in the end to be more reliable. With the CAREN system 
perturbations can be created to challenge dynamic postural stability in order to better 
mimic daily life motion. Thus, the CAREN system provides a novel and more repre-
sentative method to study human posture and balance while walking. Therefore, the 
CAREN system could be an efficient tool in the objectivation of spinal alignment during 
ambulation and other activities of daily living before and after surgical treatment for 
adult spinal deformity. Motion analysis can provide insight into deficiencies in gait and 
balance, as seen in patients with adult spinal deformity, and has the ultimate potential 
by analyzing gait patterns, to help determine and monitor proper intervention to restore 
dynamic balance. Thus, dynamic alignment data may allow for a more individualized 
and appropriate surgical treatment. To this end, analysis using the CAREN system has 
currently been implemented in our standard patient care for adult spinal deformity. 
The purpose of our future studies is to evaluate the effect of long segment spinal fusion 
on static and dynamic spinal balance in adult spinal deformity patients. The objective 
measures obtained with the CAREN system will then be correlated to radiographic 
evaluations and patient reported outcomes pertaining to pain, function and quality of 
life. Gait analysis in patients with adult spinal deformity have the potential to improve 
our understanding of dynamic compensatory mechanisms, the hip-spine complex, and 
proximal junctional kyphosis. Dynamic and functional assessments such as gait analysis 
are the future of adult spinal deformity research, with potential clinical and surgical 
applications.
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ValorIzatIon
Spinal disorders are common and have a substantial impact on both patients and soci-
ety, affecting more than 1.7 billion people worldwide. With aging of our population the 
burden of spinal disorders on society, in terms of quality of life and costs, is expected to 
increase further. For instance, the risk of fractures after falling in people with osteopo-
rosis is high due to increased bone fragility. These fragility fractures are associated with 
significant mortality, morbidity, and low quality of life. The economic burden of incident 
and prior fragility fractures is huge (approximately 37 billion euros in 2010 for Europe) 
and the costs are expected to increase by 25% in 2025. 
New osteoporotic vertebral compression fractures (OVCFs) occur in approximately 
500,000 patients per year in Europe. In this thesis it was shown that after an OVCF patients 
do not recover to their previous level of mobility. This is of high clinical importance, 
since impairments in balance and gait are the primary cause of recurrent falls. Early di-
agnosis of balance disorders after an OVCF is warranted to prevent osteoporotic patients 
from falling and the development of novel fragility fractures. Moreover, it was shown 
that dynamic bracing may prevent or slowdown the decline in postural control and the 
subsequent progression of hyperkyphosis with resultant global sagittal malalignment 
and imbalance. Prevention of falls by means of gait training or dynamic bracing could 
thus lead to improved patient outcomes with less chance of developing new (fragility) 
fractures and a subsequent hyperkyphotic deformity. Currently we are working on a 
novel multicenter, randomized controlled trial for the conservative treatment of OVCFs. 
For OVCFs that are not responsive to conservative treatment, percutaneous vertebro-
plasty can be considered. In this thesis a novel cement based on gold-containing poly-
methamethylacrylate (PMMA) microspheres was studied. While retaining mechanical 
characteristics, this novel cement may provoke less inflammatory reactions as compared 
to the commercially available bone cements. Adjacent level complications could poten-
tially be prevented by adjustment of the mechanical properties of PMMA cement. As the 
stiffness of the cement can be modified, further study is needed to examine its optimal 
composition and potential utility in clinical practice. 
The prevalence of adult spinal deformity is increasing rapidly due to aging, demo-
graphic shifts, increased life expectancy and an increased recognition of the disorder. 
Adult spinal deformity has a significant and measurable impact on health-related qual-
ity of life: The International Quality of Life Assessment Project surveyed almost 25,000 
people from eight industrialized nations. Compared with other chronic age-related 
medical conditions (including arthritis, diabetes, pulmonary disease, and heart disease), 
patients with spinal deformity reported significantly worse scores for pain, functional 
status, mental health, and social functioning. Patients with sagittal imbalance reported 
especially severe disability. The spinal community is challenged to manage this increas-
ing number of spinal disorders specifically related to the elderly. Both conservative and 
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operative treatment can be complex in these often fragile patients because of physical 
deconditioning, medical comorbidities, balance and gait problems with subsequent risk 
of falling, and poor bone quality with concomitant risk of poor operative fixation and 
new fractures. 
Adult spinal deformity surgery therefore is associated with high mechanical failure 
rates and proximal junctional failure (8-42%), for which the mechanical stiffness mis-
match between rigid spinal instrumentation and low bone mineral density because of 
osteoporosis, is an important determinant. In this thesis, a less rigid posterior based 
instrumentation system by means of polycarbonate-urethane rods, has been introduced 
which allows for a more physiological load distribution to the adjacent segments. This 
system could be used for topping-off as the semirigid zone provides a gradual transi-
tion from the rigid to mobile segments to lower the stress concentration at transitional 
levels. The aim of this method is to decrease the incidence of adjacent segment failure. 
Future studies are required to test the feasibility of polycarbonate-urethane rods for this 
specific indication.
In addition to the significant impact on health and functional status, adult spinal 
deformity results in a sizeable use of resources, of which surgery is the most impor-
tant determinant of outcome, risk of complications and associated costs. Despite the 
importance and prevalence of adult spinal deformity, variability exists in the provision 
of surgical or nonsurgical treatment. This high variability in management is a reflection 
of the lack of an evidence-based approach to care. The appropriateness criteria were 
developed to guide clinical decision for specific subpopulations of patients, and to limit 
over- and underuse of surgery. Overuse occurs when patients undergo unnecessary pro-
cedures. Conversely, underuse occurs when patients are not offered appropriate care, 
such as if nonsurgical specialists do not appreciate that a patient with degenerative 
lumbar scoliosis and sagittal plane imbalance could achieve substantial improvements 
with surgery. To this end, the prevention of over- and underuse of surgery will have a 
substantial impact on both patients and society. In this thesis it was shown that the 
implementation of Patient Reported Outcome Measures into the appropriateness crite-
ria for degenerative lumbar scoliosis surgery allows for an even more patient-centered, 
quantifiable, transparent and uniform clinical decision-making process.
When operative treatment is indicated, it is important to obtain the best result pos-
sible by tailoring operation to the individual patient. For this purpose, we have shown 
that the Global Alignment and Proportion (GAP) score provides an excellent patient-
specific guide for operative correction of spinopelvic alignment, and we suggest that the 
score will be incorporated in clinical practice for operative planning to improve both the 
quality and cost effectiveness of care.
In conclusion, spinal aging will demand more and more complex and intensive 
treatment due to the confluence of an aging population and an increased capacity and 
willingness to manage difficult problems in older patients. In the current thesis both 
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clinical and preclinical aspects of spinal aging were studied. In anticipation of aging of 
the population, one of the purposes of this thesis was to emphasize the significant and 
growing burden of spinal disorders in the elderly; to optimize current conservative and 
operative treatment for spinal aging; and to demonstrate that allocation of resources to 
the management of spinal disorders should be a priority for our healthcare economy.
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Summary
For the coming decades, degenerative changes and deformity of the spine as a result 
of aging, will become a major challenge to the spinal community regarding evaluation 
and management. The global population is currently shifting upwards in age structure. 
As a result, clinicians worldwide will be required to manage an increasing number of 
spinal disorders specific to the elderly and aging of the spine. Spinal pathology in the 
elderly typically encompasses osteoporosis and osteoporotic vertebral compression 
fractures, and degenerative spinal deformity. The impact of these spinal disorders on 
health-related quality of life is more severe than the impact of many common diseases 
and impact more than 1.7 billion people worldwide. As a result of this substantial burden 
for both patients and society, the management of disorders in the aging spine should 
be a significant priority in our healthcare economy. Increased resources for research, 
innovation, and clinical care are warranted. In this thesis both clinical and preclinical 
aspects of spinal aging were studied.
The thesis consists of two major parts. The first part (Chapter 2-5) focuses on the os-
teoporotic vertebral compression fractures (OVCFs); The second part (Chapter 6 and 7) 
focuses on degenerative spinal deformity (or adult spinal deformity, ASD). 
One factor related to disability in people with adult spinal deformity is decreased pos-
tural control and increased risk of falling. In Chapter 2, walking pattern and balance 
of postmenopausal women with and without OVCFs were compared. It was shown 
that patients suffering from an OVCF appeared to walk with significantly shorter and 
wider strides as compared to their healthy counterparts. Additionally, they adopt a less 
stable body configuration in the anterior direction, potentially increasing their risk of 
forward falls if perturbed. Although stride time and stride length improve over time 
after fracture, and reach healthy levels again, patients significantly deviate from normal 
gait patterns in stability and step width after six months of conservative treatment. 
Current conservative treatment of symptomatic OVCFs is multimodal and comprises 
analgesics, medication for osteoporosis, physical therapy and bracing. As patients do 
no fully recover to their previous level of mobility, it appears of high importance to add 
balance and gait training to the treatment algorithm of OVCFs.
Primarily, treatment of OVCFs should intend to relief pain, slow down the decline in pos-
tural control and limit the risk of falls and further fractures in this frail patient group. A 
second important goal in the treatment of OVCFs is the prevention of recurrent OVCFs 
and the subsequent progression of hyperkyphosis and resultant global sagittal malalign-
ment. The role of bracing in this respect is controversial. In Chapter 3, the effect of 
a semirigid thoracolumbar orthosis on gait and balance in patients suffering from an 
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OVCF was examined. At baseline, dynamic bracing caused a significantly more upright 
posture during walking and patients walked faster, with larger strides, longer stride 
times, and lower cadence compared to walking without brace. After six weeks of con-
tinues bracing, radiographic and dynamic sagittal alignment had improved compared to 
baseline. However, the observed effect disappeared after six months when the brace was 
not worn anymore, suggesting that the improvement in sagittal alignment is slightly 
reversible. Although preliminary, the results of this study could indicate that dynamic 
bracing using a semirigid, thoracolumbar spinal orthosis may be a useful addition to 
the multimodal treatment of OVCFs, in order to maintain congruent posture. However, 
since the effect seemed to be reversible, lifetime lumbodorsal muscle exercises should 
be provided, in order to prevent subsequent vertebral fractures. The study was limited 
by a relatively small number of patients; A large, prospective, randomized controlled 
trial will be needed to study the true effectiveness of dynamic bracing in terms of pain 
reduction and improved gait and balance in patients with an OVCF. However, initial 
clinical results are promising.
Only 60% of conservatively treated patients with acute OVCFs have sufficient pain relief 
and a good functional recovery within approximately three months after the fracture. 
However, 40% still has disabling pain after one year. For those patients who experience 
insufficient response to conservative therapy, interventional treatment by percutane-
ous vertebroplasty may be considered. In percutaneous vertebroplasty bone cement is 
carefully injected into the fractured vertebra under continuous fluoroscopic guidance. 
For radiopacity barium sulphate has been added to the polymethylmethacrylate (PMMA) 
cement, which has a number of drawbacks, including adverse effects on injectability, 
viscosity profile, setting time, mechanical properties of the cement and bone resorption. 
In Chapter 4, a novel PMMA cement, designed to address some of these drawbacks 
was presented. Its powder includes PMMA microspheres in which gold particles are 
embedded and its monomer ins the same as that used in commercial cements for ver-
tebroplasty. The novel cement was compared to a commercial cement brand and it was 
demonstrated that the new cement has improved handling properties and is superior 
in terms of cytocompatibility. The compressive properties of the cement are similar to 
those of commercially available cement and the mechanical and filling properties were 
not compromised. 
Early treatment of OVCFs is of high clinical importance in order to prevent subsequent 
vertebral fractures (otherwise known as the vertebral fracture cascade) and the sub-
sequent increased thoracolumbar kyphosis and resultant global sagittal malalignment. 
Loss of sagittal alignment can cause severe pain, disability and progressive neurological 
deficits. When conservative treatment fails, spinal fusion using rigid instrumentation is 
currently the salvage treatment to stop further curve progression and further clinical de-
Chapter 9 
161
cline. However, fusion surgery in this population is associated with high revision rates. 
The mechanical stiffness mismatch between the rigid spinal instrumentation and low 
bone mineral density in case of osteoporosis has been suggested to be a major contribu-
tor to these high failure rates. In Chapter 5, the effect of variation in rod stiffness on the 
loading of the anterior spinal column was studied, as measured by intradiscal pressure 
(IDP) of fixed spinal segments during flexion-compression. Low implant stiffness was 
found to generate lower IDP during flexion-compression loading, representing a more 
physiological loading pattern in comparison to high implant stiffness. 
Surgery for adult spinal deformity (ASD) is a challenging and complex procedure. Chap-
ter 6 and 7 elaborate on clinical decision-making in the treatment of ASD. The most 
common adult spinal deformity is degenerative lumbar scoliosis (DLS). Management of 
DLS is characterized by a substantial variety in treatment advice as there is no generally 
acknowledged consensus for decision-making. To increase uniformity and transparency 
of care as well as to improve evidence-based clinical decision-making, the Scoliosis Re-
search Society (SRS) established the Appropriateness Criteria of Surgery for DLS. In these 
criteria, however, the patient perspective was not formally incorporated. In Chapter 
6, the extent to which the patient perspective was integrated into the appropriateness 
criteria of surgery for DLS was evaluated. It was found that there was a significant asso-
ciation between the appropriateness of surgery and Patient Reported Outcome Measures 
(PROMs). Since pain and disability should determine the treatment modality in older 
patients, the implementation of PROMs into the appropriateness criteria may allow for a 
more transparent, quantifiable and uniform clinical decision-making process. 
Despite the high reported complication and revision rates, for well-selected adult spinal 
deformity patients surgical intervention can offer superior clinical and radiographic 
outcomes compared to nonoperative treatment. An important cause of mechanical 
complications after ASD surgery is failure to achieve or maintain adequate postoperative 
sagittal alignment. The Scoliosis Research Society (SRS)-Schwab classification and the 
Global Alignment and Proportion (GAP) score were established to define appropriate sur-
gical targets. In Chapter 7, the ability of the Schwab classification and the GAP score to 
predict mechanical complications following adult spinal deformity surgery was assessed 
and compared. The results demonstrated that both classification systems are capable of 
predicting radiographic evidence of mechanical failure, although the GAP score proved 
to be significantly better. 
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nEDErlanDSE SamEnVattIng
“Spinal aging” betreft het ontstaan van degeneratieve veranderingen en deformiteiten 
van de wervelkolom. Spinal aging omvat een breed spectrum van aandoeningen waar-
onder osteoporose, osteoporotische wervelinzakkingsfracturen en degeneratieve wer-
velkolomdeformiteiten. Wereldwijd lijden momenteel meer dan 1.7 miljard patiënten 
aan spinal aging en dit aantal zal, ten gevolge van de vergrijzing, de komende decennia 
aanzienlijk toenemen. De negatieve impact van deze ziektebeelden op de kwaliteit van 
leven alsmede op de maatschappij is groot. Daarom dient de behandeling van spinal 
aging hoge prioriteit toegekend te krijgen in onze zorgeconomie. Nieuwe financiële 
bronnen dienen dan ook aangesproken te worden voor klinische zorg, onderzoek en 
innovatie. In dit proefschrift worden een aantal klinische en preklinische aspecten van 
spinal aging nader onderzocht.
Het proefschrift bestaat uit twee delen. In het eerste deel (Hoofdstuk 2-5) ligt de focus 
met name op de osteoporotische wervelinzakkingsfracturen. In het tweede deel (Hoofd-
stuk 6 en 7) ligt de nadruk op degeneratieve wervelkolomdeformiteiten (ook wel Adult 
Spinal Deformity (ASD) genoemd).
Patiënten met wervelkolomdeformiteiten zijn bekend met een veranderd looppatroon, 
een verminderde lichaamsbalans en een verhoogd valrisico. Over het looppatroon, de 
lichaamsbalans en het valrisico van patiënten met een osteoporotische wervelfractuur 
is slechts weinig informatie beschikbaar. In Hoofdstuk 2 worden het looppatroon en 
de lichaamsbalans van postmenopauzale vrouwen met én zonder een osteoporotische 
wervelinzakkingsfractuur vergeleken. Er wordt aangetoond dat patiënten met een in-
zakkingsfractuur een significant ander looppatroon kennen dan de gezonde populatie. 
Patiënten met een inzakkingsfractuur tonen een kortere staplengte en een grotere 
stapbreedte. Daarnaast is de stabiliteit in de voor-achterwaartse richting aanzienlijk 
verminderd, waarbij het valrisico potentieel is toegenomen wanneer patiënten zich 
verstappen of struikelen. Hoewel de staptijd en de staplengte gedurende het genezings-
proces normaliseren, blijft het looppatroon ten aanzien van stabiliteit en stapbreedte 
significant anders ten opzichte van de gezonde populatie, zelfs zes maanden na conser-
vatieve behandeling. De huidige conservatieve behandeling van symptomatische osteo-
porotische wervelinzakkingsfracturen is multimodaal en betreft analgetica, medicatie 
tegen osteoporose, fysiotherapie en bracing. Daar patiënten ten aanzien van mobiliteit 
niet volledig herstellen ondanks deze behandeling, is het van groot belang om loopscho-
ling en stabiliteitstraining toe te voegen aan het behandelalgoritme van osteoporotische 
wervelinzakkingsfracturen. 
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Het primaire doel van de behandeling van osteoporotische wervelinzakkingsfracturen 
is pijnverlichting en het optimaliseren van de lichaamsbalans om het valrisico en het 
risico op additionele fracturen bij deze kwetsbare patiëntengroep te verlagen. Een 
tweede belangrijk doel is preventie van nieuwe inzakkingsfracturen en de daaropvol-
gende progressie naar hyperkyfose en malalignement in het sagittale vlak. De rol van 
bracing hierin is controversieel. In Hoofdstuk 3 wordt het effect van een semirigide 
thoracolumbale brace (dynamic bracing) op het looppatroon en op de lichaamsbalans 
bij patiënten met een osteoporotische wervelinzakkingsfractuur onderzocht. Direct 
na het aanmeten van de brace werd een meer verbeterd looppatroon en een betere 
sagittale balans gedurende het mobiliseren geobjectiveerd dan tijdens het mobiliseren 
zonder brace. Nadat patiënten de brace zes weken continu gedragen hadden, was er 
sprake van een verbetering van zowel de radiografische als de dynamische sagittale 
balans ten opzichte van de eerste meting. Echter, het geobserveerde effect verdween 
na zes maanden wanneer de brace niet meer continu gedragen werd. Deze resultaten 
impliceren dat de verbetering in het sagittale vlak mogelijk reversibel is. Hoewel de 
resultaten nog preliminair zijn, lijkt de toevoeging van een semirigide thoracolumbale 
brace mogelijk wel een waardevolle bijdrage in het multimodale behandelalgoritme van 
wervelinzakkingsfracturen om een congruent postuur te waarborgen. Echter, daar het 
effect reversibel lijkt, is het van groot belang om ook levenslang core stability training 
te adviseren. De belangrijkste limitatie van deze studie is het kleine aantal patiënten. 
Een grote, prospectieve, randomized controlled trial is geïndiceerd om beter inzicht te 
krijgen in het ware effect van dynamic bracing in de behandeling van osteoporotische 
wervelfracturen.
Slechts 60% van de conservatief behandelde patiënten met symptomatische osteopo-
rotische wervelinzakkingsfracturen reageert adequaat op conservatieve behandeling 
binnen drie maanden. Echter, na één jaar conservatieve behandeling blijft circa 40% 
invaliderende pijnklachten houden. Voor deze patiënten dient percutane vertebro-
plastiek overwogen te worden. Bij deze procedure wordt onder röntgendoorlichting 
botcement geïnjecteerd in de gefractureerde wervel. Ten behoeve van de radiopaciteit 
wordt bariumsulfaat toegevoegd aan het polymethylmethacrylate (PMMA) cement. 
Deze toevoeging kent enkele (negatieve) bijwerkingen ten aanzien van injecteerbaar-
heid, viscositeitsprofiel, setting time, mechanische eigenschappen en botresorptie. In 
Hoofdstuk 4 wordt een nieuw PMMA cement gepresenteerd, het poeder omvat PMMA 
microsferen met geïncorporeerde goud partikels, het vloeibare monomeer is hetzelfde 
als het monomeer dat gebruikt wordt in reguliere botcementen. Het nieuwe cement 
wordt vergeleken met een commercieel verkrijgbaar cement en er wordt aangetoond 
dat het nieuwe cement verbeterd is in “handling properties” en cytocompatibiliteit. Ook 
zijn de mechanische en de “filling” eigenschappen van het cement vergelijkbaar met die 
van het reguliere botcement.
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Tijdige, adequate behandeling van osteoporotische wervelinzakkingsfracturen voor-
komt nieuwe inzakkingsfracturen en is derhalve van groot klinisch belang. Daarnaast 
voorkomt vroege behandeling ook gedeeltelijk de progressie naar thoracolumbale 
hyperkyfose en sagittaal malalignement. Sagittaal malalignement kan leiden tot ern-
stige pijnklachten, verminderde mobiliteit en progressieve neurologische beperkingen. 
Wanneer conservatieve behandeling onvoldoende verlichting biedt voor deze patiënten, 
is operatieve correctie middels lang-segment spondylodese (fusie) geïndiceerd om klini-
sche achteruitgang te voorkomen. Echter, fusie-chirurgie bij deze kwetsbare patiënten-
populatie kent hoge revisiecijfers. De zogenaamde “mismatch” in mechanische stijfheid 
tussen de rigide implantaten en de lage botdichtheid ten gevolge van osteoporose is een 
van de grootste oorzaken hiervan. In Hoofdstuk 5 wordt het effect van verschillende 
stijfheden van implantaten onderzocht op de druk in de tussenwervelschijf tijdens een 
flexie-compressie beweging van de wervelkolom. In deze studie wordt aangetoond dat 
een lagere stijfheid zorgt voor een lagere druk in de tussenwervelschijf. Deze lagere druk 
kent een meer fysiologisch patroon in vergelijking met de druk gemeten bij implantaten 
met een hogere stijfheid.
De operatieve correctie van wervelkolomdeformiteiten (Adult Spinal Deformity, ASD) is 
uitdagend en complex. In Hoofdstuk 6 en 7 ligt de nadruk op de klinische besluitvor-
ming voor de behandeling van ASD. 
De meest voorkomende vorm van ASD is degeneratieve lumbale scoliose (DLS). De be-
handeling van DLS wordt gekenmerkt door een substantiële variatie in behandelwijzen 
tussen verschillende specialisten aangezien er geen eenduidige consensus bestaat. Ten 
behoeve van een meer uniform, transparant en evidence-based behandelalgoritme heeft 
de Scoliosis Reserach Society (SRS) de zogenaamde “Appropriateness Criteria of Surgery 
for DLS” geïntroduceerd. In deze criteria wordt echter het perspectief van de patiënt 
zelf onvoldoende meegenomen. In Hoofdstuk 6 wordt onderzocht in welke mate het 
patiënten-perspectief (in de vorm van Patient Reported Outcome Measures (PROMs)) al 
dan niet geïntegreerd is in de “Appropriateness Criteria of Surgery for DLS”. De uitkomst 
van deze studie toont aan dat er een significante associatie bestaat tussen de criteria 
en de PROMs. Maar aangezien pijn en de ervaren beperkingen van de patiënt leidend 
zouden moeten zijn in de besluitvorming, kan de implementatie van PROMs aan de “Ap-
propriateness Criteria” zorgen voor een meer transparant, kwantificeerbaar en uniform 
besluitvormingsproces. 
Ondanks de hoge complicatie- en revisiecijfers na operatieve behandeling van ASD, 
leidt operatieve correctie wel tot superieure klinische en radiografische resultaten in 
vergelijking met de conservatieve behandeling. Een (andere) belangrijke oorzaak van 
de mechanische complicaties na operatieve correctie is het feit dat er vaak sprake is 
van malalignement in het sagittale vlak. De “Scoliosis Research Society (SRS)-Schwab 
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classificatie” en de “Global Alignment and Proportion (GAP) score” werden ontwikkeld 
om juiste chirurgische doelstellingen te definiëren ter preventie van sagittaal malalig-
nement. In Hoofdstuk 7 worden deze twee predictiemodellen met elkaar vergeleken. 
In deze studie wordt aangetoond dat beide classificatiesystemen in staat zijn de mecha-
nische complicaties na ASD chirurgie te voorspellen; echter, de GAP score bleek hiertoe 
significant beter.
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lISt oF abbrEVIatIonS
ASD Adult Spinal Deformity
AUC Area Under the Curve
BaSO4 Barium sulphate
BMD Bone Mineral Density
BoS Base of Support
CAREN Computer Assisted Rehabilitation Environment
CCI Charlson Comorbidity Index
CoM Centre of Mass
CV  Coefficient of Variation
DALYs Disability Adjusted Life Years
DLS Degenerative Lumbar Scoliosis
GAP Global Alignment and Proportion score
GSA Global Sagittal Alignment
GT  Global Tilt
HADS Hospital Anxiety and Depression Scale
HR-pQCT High Resolution peripheral Quantitative Computed Tomography
HRQOL Health Related Quality of Life
IDP Intradiscal pressure
IRB Institutional Review Board
LDI Lordosis Distribution Index
LL  Lumbar Lordosis
MoS Margins of Stability
ODI Oswestry Disability Index
OVCF Osteoporotic Vertebral Compression Fracture
PCS Pain Catastrophizing Scale
PCU Polycarbonate-Urethane
PEEK Polyetheretherketone
PI  Pelvic Incidence
PJF Proximal Junctional Failure
PJK Proximal Junctional Kyphosis
PMMA Polymethylmethacrylate
PPS Purchasing Power Standards
PROMs Patient Reported Outcome Measures
PT  Pelvic Tilt
QUALEFFO  Quality of Life Questionnaire of the European Foundation for Osteo-
porosis
RLL Relative Lumbar Lordosis
ROC Receiver Operating Characteristic
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RPV Relative Pelvic Version
RSA Relative Spinopelvic Alignment
SEM Scanning Electron Microscopy
SF-36 Short Form 36
SRS Scoliosis Research Society
SS  Sacral Slope
SVA Sagittal Vertical Axis
TK  Thoracic Kyphosis
TPA T1 Pelvic Angle
T1-SPi T1 Spinopelvic Inclination
VAS Visual Analogue Scale
WHO World Health Organization
XCoM Extrapolated Centre of Mass
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De kwaliteit van de opleiding is hoog en de mogelijkheden oneindig.  Ik kijk er naar uit 
om mijn laatste deel van de opleiding bij jullie af te ronden. Ook alle andere collega’s 
van de operatiekamer, gipskamer, verpleegafdeling, SEH en poli wil ik hartelijk 
bedanken voor de interesse en fijne samenwerking. Karin, Gyorgy, Patrick, Monique 
en Anniek met jullie heb ik een bijzondere band over gehouden die mij veel waard is. 
Mariëlle, Gwen en Anne, dank voor de gezellige sportmomenten! Lieve Ramona en 
Alberto, bedankt voor de fijne vriendschap, dat er nog maar veel leuke momenten met 
z’n vieren mogen volgen.
Beste stafleden en ex-collega’s van het Zuyderland MC: dank voor een fantastische 
ANIOS tijd bij jullie, jullie hebben mijn enthousiasme voor de orthopedie nog meer 
aangesterkt. Ook wil ik jullie nogmaals bedanken voor de steun in de tijd dat ik het even 
extra nodig had. Edwin hierin speciaal woord naar jou en Nicole: duizend maal dank 
voor alles! Ook Hans, Anja en Aart ontzettend bedankt voor de eeuwige interesse en 
het immer bestaande contact. Lieve Monique en Mark, en Rian jullie bedankt voor de 
bijzondere vriendschap.
Beste stafleden van de maatschap orthopedie en chirurgie van het Viecuri Medisch 
Centrum, dank voor de fantastische vooropleiding die ik bij jullie heb mogen volgen. 
Fijn dat jullie allen op eigen manier investeerden in mijn ontwikkeling als persoon en 
als arts. Renee, fijn dat we altijd contact gehouden hebben, hopelijk lukt het afspreken 
nu écht een keer.
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Beste Jan, Rob, Henk, Hans, Arnold, Marijn, Willem, Florens, Inge, Anouk, Coen, 
Richard en Anne, wat ben ik blij en dankbaar dat ik een gedeelte van de opleiding bij 
jullie in het Maxima mag doen. De topografie zou geen enkele AIOS ervan moeten weer-
houden om hier een deel van de opleiding te volgen, het is een voorrecht! Paul en Niek, 
dank voor de fantastische dagen in het CZE! Beste collega arts-assistenten, beste Jaap, 
Joep, Frank J., Frank van R., Jetse, Freek, Vincent, Martijn, Bart, Merel, Wesley en 
mede spice girl Joost: dank voor de gezellige periode in het Maxima! Ook de collega’s 
van de poli, gipskamer, de onderzoeksgroep en de operatiekamer mogen zeker niet 
vergeten worden want jullie spelen een belangrijke rol in het fijne opleidingsklimaat in 
het Maxima! Annie, dank dat je me in contact hebt gebracht met Ria. Ria dank voor het 
nakijken van de Nederlandse samenvatting.
Beste collega arts-assistenten van ROGO Zuid, dank voor de mooie opleidingstijd die 
we samen hebben. Aniek toch een speciaal woord voor jou. Dank voor onze bijzondere 
vriendschap. Je bent een geweldige dokter en je wordt een fantastisch orthopeed! Vin-
cent jou wil ik ook in het bijzonder bedanken, fijn om zo’n groot deel van de opleiding 
met je samen te doen! Je bent een topper!
Collega’s van het Laboratory of Experimental Orthopedics: Dr. T. Welting, Beste 
Tim, wat heb ik veel van jou geleerd. Als onderzoeker en als mens. Ik heb ontzag voor 
je passie voor het vak en je gedrevenheid. Don en Andy, de vaste krachten van het lab, 
jullie zijn onmisbaar. Gedurende de periode dat ik daar werkzaam was heb ik toch heel 
wat met jullie af gelachen en kon ik regelmatig m’n ei bij jullie kwijt waarvoor dank. 
Andy deze kun je er weer bij schrijven in je logboek: someday, somehow… Marloes, bij-
zonder dat we tegelijkertijd zijn begonnen en tegelijkertijd ook ons proefschrift mogen 
afronden! Je bent een kanjer en hoop dat we straks meer tijd vinden om gezellig samen 
te eten! Alex, je hebt een speciaal plekje in dit dankwoord meer dan verdiend. Met name 
gedurende de eerste fase van mijn proefschrift heb je me intensief geholpen. Je bent een 
briljant onderzoeker en ik heb veel van je geleerd. Ralph en Annemarijn, ik waardeer 
de vriendschap die we samen hebben opgebouwd en de gezellige etentjes. Dank ook 
voor de hulp bij de afronding van dit proefschrift. Ralph je bent een fantastische collega 
en ik kijk er naar uit om in de toekomst met je samen te werken! Maarten, ik volg 
al jaren een beetje jouw voetsporen. Fijn dat we zo’n goede band hebben opgebouwd! 
Ufuk, dank voor de mooie momenten op het lab, ik kijk uit naar de samenwerking in 
de kliniek. Jim, Marjolein, Guus, Nina, Mandy, Ellen: ook jullie bedankt voor een 
fantastische tijd op het lab.
Lieve Liesbeth, Margareth en Anita, al vanaf 2008 kom ik zo nu en dan mijn hart 
luchten op het trialbureau orthopedie. Het is heerlijk om dat bij jullie te mogen doen. 
Dank voor jullie oprechte interesse, gouden tips en afleiding. Lieve Mieke, jij bent de 
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drijvende kracht geweest achter verschillende studies. Ondanks dat je het al super druk 
hebt deed je dit met veel plezier en liefde voor me. Dat etentje komt er echt want dat 
heb je meer dan verdiend! Dames van het secretariaat orthopedie: Manon, Marion, 
Jerney, Chantalle, Denise, Astrid, Wil, Helma en Marieke. Ook jullie bedankt voor 
alle oprechte interesse en hulp de afgelopen jaren. Denise een speciaal woord van dank 
aan jou, hopelijk zijn ze niet allemaal zo als ik ;-). 
Lieve Karin en Thijs, Rob en Karlijn, Els en Frans, Pim en Anke, vijf jaar alweer na 
die zwarte dag op 17 juli 2014. De dag die zorgde voor een niet opvulbare leegte in onze 
levens: het verlies van onze lieve Kristy en Sjors. Wat mis ik ze enorm. Er gaat geen dag 
voorbij dat ik er niet aan denk. Tegelijkertijd heb ik veel bewondering voor jullie en ben 
ik dankbaar voor de bijzondere band die ik met jullie heb. Lieve Rhein ik koester ook de 
fijne band die ik met jou heb opgebouwd, dit betekent veel voor me.
Chantal en Ruby, en Lilian, eeuwig dankbaar ben ik jullie voor jullie eerste geslaagde 
koppelproject. Zonder jullie had ik Sjoke nooit leren kennen. Hierdoor heb ik ook 
Rian en Dave, Jody en Ricardo, en Marloes en Donné ontmoet. Bedankt voor de fijne 
vriendschap.
Lieve Darshini en Iris, we zien elkaar te weinig maar mede door jullie heb ik een fan-
tastische tijd in Maastricht gehad waarvoor veel dank! Lieve Wes, fijn dat we sinds dit 
jaar de banden hebben aangehaald, je bent een goede vriend. Lieve Sandra en Caren, 
ik ben jullie dankbaar voor de vriendschap en de gezellige etentjes/uitjes de afgelopen 
jaren. Ik waardeer jullie om jullie eerlijkheid en oprechtheid en ik hoop dat we deze 
vriendschap nog lang kunnen voortzetten! Lieve Esther en Sophia, mijn studievrien-
dinnetjes, zo fijn dat we nog een goed contact hebben gehouden na de studie. Nu de 
promotie erop zit kom ik jullie snel opzoeken! Lieve Madelon, ik vergeet nooit meer 
onze tijd als huisgenoten op de Koning Clovisstraat. Je bent een bijzondere vriendin en 
ik heb bewondering voor je ambities. Je bent goud waard. Lieve Sofie, Noortje, Sanne, 
Marloes en Stefanie. Wat speciaal dat we nog steeds zo’n bijzondere vriendschap heb-
ben ondanks dat we verspreid zijn door heel Nederland. Ik ben jullie dankbaar hiervoor. 
Lieve Sofie, onze vriendschap bestaat inmiddels al meer dan 25 jaar. We zien elkaar veel 
te weinig maar wanneer we elkaar zien zijn de banden ook in no time weer aangehaald. 
Ik hoop nu de drukte wat minder wordt dat we elkaar weer wat meer gaan zien want je 
bent een topper! Lieve Michelle, een vriendin uit duizenden. Vanuit de handbalwereld 
is onze vriendschap ontstaan en die wordt ieder jaar weer sterker. Bedankt voor je 
luisterend oor, steun en aanmoedigende woorden, dit heeft mij opnieuw doen beseffen 
hoe belangrijk je voor me bent. Ik kijk er naar uit om nog vele leuke momenten te 
mogen beleven met jou en Mathijs. Lieve Mick, inmiddels al meer dan tien jaar geleden 
leerden wij elkaar kennen tijdens onze eerste onderwijsgroep. Ondanks dat onze wegen 
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op het gebied van studie al vrij snel uit elkaar liepen, hebben wij er toch een hechte 
vriendschap aan over gehouden. En wat hebben we het vaak over deze dag gehad… 
Inmiddels woon je alweer een paar jaar in Madrid met je liefde Tania en toch zien we 
elkaar nog met enige regelmaat. Ik ben dankbaar voor je onvoorwaardelijke vriendschap 
en ben erg trots dat jij vandaag achter mij wil staan als paranimf. Tania thank you 
so much for your help designing the cover of this thesis, and thank you for being an 
amazing girlfriend for Mick.
Ik heb het voorrecht gehad om op te mogen groeien in twee geweldige families: familie 
de Graef en familie Jacobs. Wat ben ik hier trots op. Dank voor jullie oprechte inte-
resse in mij en mijn onderzoek. Ook mijn schoonfamilies, familie Merk en familie 
Theunissen, wil ik bedanken voor het warme ontvangst in jullie families. 
Lieve Rob en Karin, allereerst bedankt voor het tot stand komen en opvoeden van mijn 
fantastische en lieve Sjoke. Tevens kan ik jullie niet genoeg bedanken voor alles wat 
jullie iedere week weer voor Sjoke en mij doen. Jullie zijn geweldige schoonouders!
Liefste Ans en Leo, jullie horen bij uitstek thuis in dit dankwoord. Al heel mijn leven 
staan jullie voor me klaar. Mijn tweede ouders, zo voelt het echt. Het is een ware rijkdom 
om jullie in mijn leven te hebben. 
Lieve Luna, mijn kleine zusje. Nou, dat ben je allang niet meer. Je bent gegroeid tot de 
prachtige vrouw die je nu bent. Je bent een kanjer in alle opzichten, ik gun je dat je jezelf 
eens door mijn ogen zou zien. Ik ben trots op jou en op de band tussen ons die steeds 
sterker wordt. Ook ben ik blij met jouw lieve Dirk. Dirk, je bent al zo lang bij ons dat ik 
me geen leven meer zonder je kan en wil voorstellen. Je  bent goed voor Luna en daar 
ben ik je super dankbaar voor. Ik kijk er naar uit om al jouw mooie projecten te komen 
bewonderen de komende jaren!
Lieve Freek, wat ben ik trots op een broer als jij. Nog trotser dat je achter me wil staan 
als paranimf. Ik heb bewondering voor hoe je je dromen najaagt en dit alles combineert 
met je prachtige gezin. De drijvende kracht hierachter is dan ook niet zo maar iemand: 
Karin, je bent de beste schoonzus die ik me ooit heb kunnen wensen! Het klikte eigen-
lijk vanaf moment één dat we elkaar ontmoet hebben en die band is alleen maar sterker 
geworden. Je bent een topper! Uit de combinatie van jullie twee kan dan ook maar alleen 
goud voortkomen, en zo is ook gebleken: mijn allerliefste nichtjes Mila en Floor. Lieve 
meiden, jullie hebben geen idee hoeveel jullie mijn leven de afgelopen jaren verrijkt 
hebben. Het is een feestje jullie tante te mogen zijn.
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Liefste pap en mam, woorden schieten te kort. Ik ben jullie dankbaar voor alles. 
Dankbaar voor jullie niet aflatende steun in het nastreven van onze doelen en jullie 
onvoorwaardelijke liefde. Zonder jullie was ik niet wie ik nu ben, en was ik niet waar 
ik nu ben. Mam, je immer positieve en optimistische instelling zijn een waar voorbeeld 
voor me. Pap, wat ben je een harde werker en een doorzetter en wat lijken we toch vre-
selijk veel op elkaar. Beiden hebben jullie mij belangrijke eigenschappen meegegeven 
die essentieel waren bij het schrijven en afronden van dit proefschrift. Ik had me geen 
betere ouders kunnen wensen.
Tot slot, allerliefste Sjoke, wij leerden elkaar kennen toen ik al volop bezig was met 
het verwezenlijken van al mijn dromen. Je stapte in op een trein waarvan je achteraf 
vast nog vaak hebt gedacht: ‘Waar ben ik aan begonnen…’. Desalniettemin ben je mijn 
onvoorwaardelijke steun en toeverlaat en daar kan ik je niet genoeg voor bedanken. Wat 
hebben we het fijn samen. Ik hoop dat dat voor altijd zo mag blijven.
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